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A m ethod of analyzing tr iva len t a rsen ic  and antim ony in w ater  
sa m p les  at concentrations of 0. 5 ppm or h igher using g a s-liq u id  
chrom atography is  d escrib ed . A 15 m l w ater sam p le is  acid ified  
with 10 m l of HC1 and pentavalent a rsen ic  and antim ony are reduced  
w ith potassiu m  iodide. A rsin e  and stib ine are gen erated  by reduction  
w ith a p e lle t of sodium  borohydride. One m ill i l ite r  of the generated  
gas is  then in jected  into a g a s-liq u id  chrom atograph w h ere the co m ­
ponents of the gas m ixtu re are sep arated  and detected . The a rs in e  
and stib ine peak heights are m ea su red  on the chrom atogram  and 
com pared with a standard curve to determ ine the concentration  of 
a rsen ic  and antim ony in the w ater sam ple. F a cto rs  a ffecting  the 
generation  of a rsin e  and stib ine are d iscu ssed . Am ong th ese  are the 
m ethod of hydride generation , oxidation sta te , so lu tion  tem p eratu re, 
and acid ity . F a cto rs influencing the separation  and d etection  of 
a rs in e  and stib ine are d iscu ssed . T h ese  factors include colum n  
packing, colum n tem p eratu re, gas sam ple volum e, and c a r r ie r  gas  
flow rate . Ions that in ter fere  and the le v e ls  at w hich they
in ter fere  are 10 ug or m ore of C r20 7 2, 100 )ig or m ore of Bi+3,
“f” ' Hr "f"' “1"Hg 2, and Se 4, 1 m g or m ore of N i 2, 5 m g or m ore of Sn 4, and
10 m g or m ore of F - , Ge+4, and T e+4. T h ese  ion s, how ever, do not
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in ter fere  at le v e ls  lik e ly  to be found in natural w a ters. The 
p o ss ib le  ap p licab ility  of the m ethod is  d iscu ssed  and su ggestion s  
for further w ork are m ade.
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O ccurence of A rsen ic  and Antim ony in Nature
The e lem en ts a rsen ic  and antim ony are r e la t iv e ly  ra re , 
how ever, they are quite w id espread  in nature (F a irb rid ge, 1972, 
p. 35 and 41; Junem an, 1972, p. 15). The m o st im portant antim ony  
m in era ls  are stibn ite  (Sb2S3), senarm ontite (Sb2Os), jam eson ite  
(2PbS# Sb2S3), and the su lfantim onides of copper, s ilv e r  and nickel; 
stibn ite is  the m o st com m on (F a irb rid ge , 1972, p. 34; Rankama, 
1950, p. 740). The m o st im portant a rsen ic  m in era ls  are a rsen o -  
p yrite (F eA sS), orpim ent (A s2S3), and rea lg a r  (A s4S4); arsen op yrite  
is  the m o st com m on (Sneed and B rasted , 1956, p. 109; F a irb rid ge, 
1972, p. 41; Rankama, 1950, p. 740).
The abundance of a rsen ic  and antim ony in nature is  shown in 
T able 1 (M ason, 1966, p. 22, 45, 46, 180, 195 and 196).
T able 1. Abundance of A rsen ic  and A ntim ony in N ature
A s Sb
C osm ic  Abundance 
(atom s per 104 atom s Si)
0. 04 0 . 002
C ru sta l A verage  
(parts per m illion)
1. 8 0 . 2
G ranite (ppm) 0 . 8 ' 0 .4
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D iabase (ppm)










C arbonates (ppm) 1 0 . 2
Sea W ater (ppm) 0. 003 0. 0005
P r in c ip le  D isso lv ed  
S p ecies  in Sea W ater
HAs0 4 2, H2A s0 4 , 
H3A s 0 4, H3A sOs
T o x ico lo g y  of A rsen ic  and A ntim ony
E lem en ta l a rsen ic , and antim ony are not v ery  to x ic , how ever, 
the h ighly tox ic  nature of a rsen ic  and antim ony com pounds is  w e ll 
known. In the form  of potassiu m  antim ony tartrate , 50 m g of 
antim ony can be fatal. Sublethal d o ses  can cause se v e r e  liv e r  
dam age (Offner and W itucki, 1968, p. 947).
The m inim um  leth a l dose of a rsen ic  com pounds is  estim ated  
to be from  120-180 m g as A s, w hile 20-100 m g m ay resu lt  in s e v e r e  
poisoning. B ecau se  a s in g le  dose of an arsen ic  compound m ay take 
as long as 10 days to be elim in ated  from  the body, sm a lle r  d oses  
taken over an extended period  of tim e m ay prove fatal. Continued  
ingestion of sublethal d oses of a rsen ic  com pounds can lead  to chronic  
a rsen ic  poisoning with p o ss ib le  dam age to the liv e r  (O ffner and 
W itucki, 1968, p. 947).
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Although both tr iva len t and pentavalent arsen ic  are known to 
be tox ic , it is  b elieved  that pentavalent a rsen ic  m ust f ir s t  be r e ­
duced in the body to the tr iva len t sta te  before its  toxic e ffec ts  can  
be exerted . Thus tr iva len t a rsen ic  is  a fa ster  acting poison , but in  
norm ally  ch lorinated  m unicipal w ater su p p lies, a rsen ic  e x is ts  in the 
pentavalent state  due to oxidation (Offner and W itucki, 1968, p. 947 
and 948).
Table 2 l i s t s  the approxim ate d osages of a rsen ic  and antim ony  
n e c e s sa r y  to cause death or acute poisoning sym ptom s. It a lso  
l i s t s  the equivalent concentration  in w ater assu m in g a two lite r  da ily  
consum ption rate (Offner and W itucki, 1968, p. 950).
Table 2. T o x ico lo g ic  Data for A rsen ic  and Antim ony
A pproxim ate dosage to C oncentration in w ater
cau se  death or acute based  on 2Si daily  con -
E lem en t sym ptom s in m g sum ption in ppm
A s 20 10
Sb 50 25
The con cen tration s in w ater , 10 ppm for A s and 25 ppm for Sb, 
m ay seem  quite high, but th ose are the concentrations that w ill 
produce acute poisoning sym ptom s or even death. R ecom m ended  
lim its  are con sid erab ly  low er. The U. S. Public H ealth S erv ice
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(1962) s ta te s  that the concentration  of As in public drinking w ater  
should not exceed  0. 01 ppm and concentrations in e x c e s s  of 0. 05 
ppm are grounds for rejectio n  of the supply. A rza m a stsev  (1964) 
recom m ends that the m axim um  concentration  of tr iva len t or penta­
valent antim ony for drinking w ater should not exceed  0. 05 ppm. 
A nalytica l m ethods are needed that are rapid and se n s it iv e  for  
concentrations at le a s t  th is  low.
Junem an (1972, p. 15) su g g e sts , how ever, that tra ce  le v e ls  
of a rsen ic  and antim ony, lik e  se len iu m , another highly toxic  
elem en t, are n e c e s sa r y  for good health. In 1957, Dr. Klaus 
Schw artz of the V eterans A dm inistration  H ospital in Long Beach  
esta b lish ed  that a m arginal amount of selen iu m  is  requ ired  for the 
m etab olism  of v itam in E. In addition, a geographic study has infer - 
r e d  that there is  an in v er se  rela tion sh ip  betw een the d istribution  
of se len iu m  and can cer in hum ans. The reg ion s of the h igh est in ­
cid en ce of can cer are the reg ion s of low le v e ls  of se len iu m . W hile 
reg ion s of h igher le v e ls  of se len iu m  have the lo w est incidence of 
can cer. Junem an b e liev es  that a rsen ic  and antim ony p lay a s im ila r ,  
but as yet un d iscovered , ro le  in human m etab olism . O bviously, 
m ore w ork is  needed in th is area.
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The concentration  of a rsen ic  is  low during the e a r ly  s ta g es  of 
differentiation  of m agm atie su lfid es  w hile antim ony is  enriched.
Both a rsen ic  and antim ony, h ow ever,' are en riched  in the hydro- 
therm al stage (F a irb rid ge , 1972, p. 34 and 41). It is  known that 
gold, palladium  and platinum  are  concentrated  in hydrotherm al 
n ick el and cobalt a rsen id es  and antim onides (Rankama, 1950, 
p. 693 and 705). R oslyakova and R oslyakov (1967) have found that 
tra ce  am ounts of a rsen ic  and antim ony in  dredged gold (along with  
se v e r a l other elem en ts) are ch a ra c ter istic  of the go ld -b earin g  
’m in era l a sso c ia tio n . By finding a bedrock region  that has the sam e, 
or n ea r ly  the sam e concentrations of th ese  tra ce  e lem en ts , the m ain  
body of gold ore can be found. K hram yshkin (1968) has found that 
halos of arsen ic  d isp ersio n  sp a tia lly  co incide with halos of gold and 
can be used  for p rospectin g  for gold. Vorotnikov et al. , (1968) report 
that in lo o se  rock s overly ing gold d ep o sits , the m axim um  concentration  
of gold does not alw ays corresp on d  to the p o siti on of the outcrop; its  
position , how ever, can be determ ined  by anom alies in antim ony, 
copper and zinc. A ll of the above w ork ers have been using anom alous 
concentrations .of a rsen ic  and antim ony in rock s or s o ils  to locate  
gold d ep osits , V sevolozhskaya  (1966), how ever, has rep orted  that 
anom alous concentrations of a rsen ic , antim ony and s ilv e r  in sub -
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su rface  w aters are a sso c ia ted  w ith m etasom atic  gold ore com p lexes  
and that th ese  anom alies can be u sed  as an exp loration  index during 
hydrochem ical prospecting. From  th is it is  apparent that a rsen ic  
and antim ony are a sso c ia ted  with reg ion s of m in era liza tion , m o st
pecting for other, m ore eco n o m ica lly  valuable e lem en ts. H ow ever, 
m ore work is  needed to u tilize  m ore  fu lly  th ese  e lem en ts as p r o s ­
pecting to o ls , e sp e c ia lly  in e a s ily  co llec ted  su rface and subsurface  
w a ters. Im proved analytica l m ethods could be of great u se  for th is.
M ethods of A n a lysis  for Low C oncentrations of A rsen ic  and A ntim ony  
A r se n ic : The c la s s ic a l  m ethod for a rsen ic  in w aters in vo lves  
the generation  of a rsin e  by zinc in an acid m edium . P otassiu m  
iodide and stannous ch loride are g en era lly  added to help reduce the 
a rsen ic . The generated  a rsin e  is  then bubbled through a solution  of 
s ilv e r  d iethyld ith iocarbam ate w here it rea c ts  to form  a solub le red  
substance having a m axim um  absorbance at about 535 nm. The 
absorbance of th is so lution  is  then m easu red  sp ectrop h otom etr ica lly , 
and the concentration  of a rsen ic  is  determ ined by re feren ce  to a 
standard curve (Brown and o th ers, 1970, p. 47; Stratton and W hitehead, 
1962, p. 861). The m ethod is  applicable to sam p les containing from
0. 02 to 1. 0 ppm A s.
notably gold d ep osits , and that th ese  e lem en ts can be used  in pros'-
l i b r a r y
M o o l  ° F  m i n e s
Co lo r a d og o l d e n .
K K T H im  LAKES
N eutron activation  m ethods have a lim it of detection  of 1 ns&o- 
gram  (M orrison , 1965, p. 345). H ow ever, to attain th is low  lim it  
in natural w a ters , pretreatm en t is  g en era lly  n e c e ssa r y . Blanchard  
and L eddicotte (1959) sta te  that som e type of ch em ica l sep aration  is  
f ir s t  requ ired , depending on the ion being analyzed. T h ey  found that 
p recip itation  g en era lly  w orked b etter  than ion exchange. In addition  
to th is , neutron activation  req u ires  a m eans of activating the sam p le, 
counting equipm ent (m ultichannel a n a ly zers), and com puter program s  
and com puter tim e to analyze the com plex data produced.
E m iss io n  spectrographic m ethods a lso  req u ire  som e m ethod of 
‘preconcentration  to attain their low er detection  lim it  of 1 m icrogram . 
B o ro v itsk ii, M iller  and Shem yakin (1966) u sed  cop recip ita tion  with  
Hg2C l2. M allory  (1967) p recip ita ted  s e v e r a l in so lu b le su lfid es  with  
acid ic  or am m oniacal th ioacetam ide. B elog lazova  and Krupnov 
(1969) form ed a com plex with diethyl hydrogen dithiophosphate, 
extracted  th is com plex with ether and evaporated  it w ith pow dered  
carbon as a c a rr ie r . The re la tiv e  standard deviation with a ll th ese  
m ethods, how ever, is  10 to 25% which is  rather high.
M arcie (1967) has reported  an x -r a y  flu o rescen t m ethod with a 
low er lim it  of 0. 01 ppm. A rsen ic  and certa in  other e lem en ts are co m -  
plexed  w ith pyrrolid ine d ith iocarbam ate and extracted  into CHC13.
T his extract is  evaporated  onto filterp ap er d isks which are  then sub ­
m itted  to x -r a y  spectrograp h ic a n a ly sis .
> e s
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P olarograph ic m ethods for a rsen ic  can detect 5 ppb (parts per 
billion) with a r e la tiv e  er ro r  of 5 to 10%. The aqueous sa m p le  is  
acid ified  and a polarogram  is  obtained. N ext, a m icro -a liq u o t of 
standard is  added to the sam ple and another polarogram  is  obtained. 
The concentration  of a rsen ic  is  determ ined  by com p arison  of the two 
polarogram s (W hitnack and Brophy, 1969). A rsen ic  (V) m u st f ir s t  
be reduced to a rsen ic  (III) .
A tom ic absorption m ethods for a rsen ic  have d etection  lim its  in 
the range of 0. 5 to 1 ppm in the asp irated  sam ple (K irkbright and 
R anson, 1971, p. 1238). Ando et al. (1969, p. 1974) in crea sed  the 
path length  to  91 cm  and used  a n itrogen  (entrained  air - hydrogen  
flam e to obtain a low er detection  lim it  of 6 ppb.
T h ere are se v e r a l m ethods that involve the generation  of a rsin e  
in  addition to the c la s s ic a l  m ethod (Brown and oth ers, 1970, p. 47). 
T h ese m ethods d iffer in the m eans of generation  of a rsin e  and in the 
detection  of a rsen ic . Holak (1969, p. 1712) u se s  an acid ified  sam ple  
and m eta llic  zinc to gen erate a rsin e  which is  then co llec ted  in a 
liquid  n itrogen  cold  trap. A fter the reaction  is  com pleted , the c o l­
lec ted  a rsin e  is  w arm ed to room  tem perature and sw ept into an atom ic  
absorption  spectrophotom eter w here it is  burned in an a ir -a ce ty len e  
flam e. The low er detection  lim it for th is m ethod is  0. 04 m icro g ra m s  
of a rsen ic . Chu et al. (1972, p. 1476) u se  the sam e m ethod of
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a rsin e  generation  as the c la s s ic a l  m ethod (Brown and o th ers, 1970, 
p. 47), how ever, in their m ethod the a rsin e  is  detected  by f la m e le ss  
atom ic absorption. The a rsin e  is  put through an e le c tr ic a lly  heated  
absorption tube to decom pose the arsin e . Bram an et al. (1972) 
gen erate a rsin e  by in jecting  the neutral or s lig h tly  b asic  sam ple into 
a 1% aqueous so lution  of sodium  borohydride. The a rsin e  is  sw ept 
out of solution  by helium  c a r r ie r  g a s , through a drying tube and into 
a d c  d isch arge d etector. The e m iss io n  lin e  produced is  m onitored  in  
a photom etric sy stem . T h is m ethod can detect 1 nanogram  of a rsen ic .
The m ethod which se e m s  to have rece iv ed  the m ost recen t 
attention in volves the generation  of a rsin e  from  an acid ic sam ple  
along with hydrogen. The gas is  co llec ted  in a balloon during g en era ­
tion  and then, when the reaction  is  com plete, sw ept into an argon  
(entrained  a ir ) -hydrogen flam e w h ere the a rsen ic  is  detected  by atom ic  
absorption spectrophotom etry . The only im portant d ifferen ces  in the 
se v e r a l papers published on th is m ethod are in the w ay the a rsin e  is  
generated . S evera l w ork ers (Hwang and o th ers, 1973; Y am am oto and 
o th ers, 1973a; 1973b) reta in  the c la s s ic a l  m ethod of acid ifying the 
sam p le  w ith hyd roch loric  acid , adding p otassiu m  iodide and stannous 
ch lorid e , and generating the a rsin e  and hydrogen w ith pow dered zinc  
m eta l. P o llock  and W est (1973) have rep laced  the p otassium  iodide 
and stannous ch lorid e w ith titanium  tr ich lo r id e , and in p lace of zinc  
th ey  u se  m agnesium  rod. Schm idt and R oyer (1973) and Fernadez
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(1973) u se  a s im p ler  m ethod of adding a p e lle t of so lid  sodium  
borohydride to the acid ified  sam p le . The estim ated  low er detection  
lim it  for th ese  m ethods range from  0. 1 to 1 ppb.
A ntim ony: B ecause of the s im ila r ity  in the p ro p erties  of 
a rsen ic  and antim ony, m any of the analytical m ethods that determ ine  
a rsen ic  can a lso  determ ine antim ony with lit t le  or no m odification  
of the m ethod. Neutron activation  m ethods for antim ony have the 
sam e lim it  of detection  at 1 nanogram  (M orrison , 1965, p. 345) as  
for a rsen ic  and a lso  req u ire  ch em ica l separation  (B lanchard and 
L eddicotte , 1959). E m iss io n  spectrograp h ic m ethods (B o ro v itsk ii, 
M iller  and Shem yakin, 1966; M allory, 1967; B elog lazova  and Krupnov, 
1969) apply as w e ll to antim ony as to a rsen ic , giving the sam e lim its  
of d etection  and having the sam e lim ita tion s. X -r a y  m ethods (M arcie, 
1967) a lso  are the sam e for antim ony as for a rsen ic , A s with a rsen ic , 
antim ony can be determ ined  by s in g le  sw eep polarography (T oren , 1968) 
w ith a detection  lim it  of 5 ppb. A tom ic absorption m ethods for antim ony  
have detection  lim its  of about 1. 5 ppm (W alker and o th ers, 1969, p. 1) 
in the asp irated  sam ple using  an a ir -a ce ty la n e  flam e.
C o lo r im etr ic  m ethods for antim ony, how ever, g en era lly  are  
different from  those for a rsen ic . R eagents and techniques m ust be 
developed that are sp e c if ic .fo r  one elem en t or the other. T o accom p lish
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th is  sp e c if ic  type of a n a ly sis , a v a r ie ty  of m ethods have been tried . 
A ntim ony is  com plexed with c r y s ta l v io le t and extracted  into toluene  
(So lov 'eva  and A rza m a stsev , 1965). B rillan t green  w ill a lso  form  a 
co lored  com plex with antim ony which is  then extracted  into toluene  
(N azarova and oth ers, 1969; Yadav and oth ers, 1971). The c o lo r i­
m etr ic  reagent w hich se e m s  to have found the g rea te st  acceptance is  
R hodam ine-B  (Sandell, 1959, p. 254) which is  ex tracted  into benzene  
or isop rop yl ether. T h ese  m ethods are u sefu l in the range of 0. 5 to  
20 m icro g ra m s in the extracted  phase.
T h ere are se v e r a l m ethods that involve the generation  of stib ine  
fo llow ed  by its  determ ination. Again, th ese  m ethods are the sam e as 
th ose  that generate a rsin e  for the determ ination  of a rsen ic . The m ethod  
d escrib ed  by Bram an et al. (1972) which u se s  a sp ectra l e m iss io n  type 
detection  sy stem  can detect as litt le  as 0. 5 nanogram s. Ju st as with  
a rsen ic , how ever, the m o st popular m ethod at the p resen t u se s  atom ic  
absorption  sp ectro sco p y  to d etect the stib ine. The stib in e is  generated  
from  an acid ic  so lution  along with hydrogen, co llec ted  in a balloon  
r e se r v o ir , and sw ept into an argon (entrained  a ir)-h yd rogen  flam e  
w here the absorbance is  determ ined. Again the only m ajor d ifferen ces  
are in the m ethod of generation . Hwang et al. (1973) and Y am am oto, 
Kum am aru, and H ayashi (1972) u se  the p otassiu m  iodide, stannous 
ch lorid e, m eta llic  zinc sy stem . P o llo ck  and W est (1972; 1973) u se  the
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titanium  tr ich lo r id e , m agnesium  sy stem . Schm idt and R oyer (1973) 
and Fernadez (1973) u se sodium  borohydride. The detection  lim its  
for th ese  m ethods range from  0. 1 to  4 ppb, w ith the sodium  b o ro ­
hydride m ethods having the low er lim its .
G as-L iq u id  C hrom atographic T echniques for A n a ly sis  of A rsen ic  and 
A ntim ony
From  the above d iscu ssio n  about other an alytica l m ethods for  
a rsen ic  and antim ony, it is  apparent that se n s it iv e  techniques do 
ex ist . H ow ever, it would be of con sid erab le advantage if  both of th ese  
elem en ts could be determ ined  sim ultaneously . A m ethod using a rsin e  
and stib in e seem ed  to show the m ost p rom ise  b ecau se the m ethod of 
generating the hydride is  id en tica l for both com pounds. In addition, 
se v e r a l other v o la tile  inorganic hydrides (BiH 3, GeH4, SnH4, H2Se, 
H2Te) can be generated  by th is m ethod (F ern ad ez, 1973). It would be 
n e c e ssa r y , then, to find a m ethod of quantitatively separating  the 
hydrides p rior to th e ir  detection  and determ ination. G as-liq u id  
chrom atography w as the lo g ica l ch o ice . In addition to being able to  
sep arate  the h yd rid es, g a s-liq u id  chrom atography should be quick and 
se n s it iv e  (e lec tro n  capture d etectors are capable of detecting p icogram  
am ounts of m a ter ia l). B ecau se the hydrides are a ll n orm ally  gaseou s  
at room  tem p eratu re, low colum n tem p eratu res can be used  in the 
sep aration  p r o c e ss , thus m in im izin g  therm al decom position . Work
has been done on separating v o la tile  inorganic hydrides (Devyatykh  
and o th ers, 1964; Z orin  and o th ers, 1964; P h illip s  and T im m s, 
1963), how ever, the quantitative an a lysis  of th ese  hydride form ing  
e lem en ts in w ater using  g a s-liq u id  chrom atography has not been  
in vestigated . The purpose of the p resen t w ork, then, w as to  
determ ine if  a rsen ic , antim ony and other hyd rid e-form ing  e lem en ts  




EXPERIM ENTAL Q >„ Qp ,
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The exp erim en ta l portion of th is work is  divided into two p arts.
The f ir s t  part is  a b r ie f d escrip tion  of the an alytica l procedure as  
it  is  now being used . The secon d  part is  a d escrip tion  of the variou s  
p aram eters and th eir  e ffec ts .
A pparatus and P roced u re
A Beckm an G C -5 gas chrom atograph using a helium  ion ization  
d etector w as u sed  throughout th is work. Two colum ns in s e r ie s  w ere  
u sed  for the sep aration  of the h yd rid es. The f ir s t  colum n was 12 ft 
of 1 /8  in. - OD s ta in le s s - s t e e l  packed with 20% Dow C orning-200 on 
100-200 m esh  C hrom osorb W (HP). The secon d  colum n w as 8, ft of 
2 m m -ID  g la ss  tubing packed with 12% C arbow ax-600 on 100-200 m esh  
C hrom osorb W (AW). The helium  c a r r ie r -g a s  flow rate w as 20 c c /m in  
and the colum n tem perature w as 5°C. T his tem p eratu re w as m aintained  
by putting a beaker fu ll of dry ic e  in the colum n oven and allow ing the 
colum n h eater to work against the cooling effect of the dry ic e . The 
detector output s ig n a ls  w ere  record ed  by a str ip  chart reco rd er  having 
a span of 0 to 1. 0 m v. See Appendix III for a d eta iled  d escrip tion  of 
the se ttin g s  used  in the operation of the G C-5.
The apparatus u sed  for generating and sam pling the a rs in e  and 
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and 10 m l of HC1 is  added to the 50 m l reaction  flask . T his solution  
is  cooled  to room  tem perature and a vacuum is  drawn on the reaction  
fla sk  and balloon r e se r v o ir , using a w ater a sp ira tor , until large  
bubbles ju st start to form  in the sam ple. The sam ple is  s tirred  
v ig o ro u sly  with a m agnetic s t ir r e r  w hile a sodium  borohydride p e lle t  
is  added. The p e lle t  is  dropped from  a m ovable g la ss  spoon m ounted  
in  a on e-h ole  rubber stopper allow ing the vacuum  to be m aintained.
The rubber stopper m ay be rem oved  to  put a new p e lle t  on the spoon  
and a lso  acts as a sa fe ty  valve. The hydrides and hydrogen that are  
generated  by the reaction  of the sodium  borohydride are p a ssed  through  
a drying tube f illed  with anhydrous calcium  su lfate  (D rierite) and then  
into the balloon. When the f ir s t  100 m l of gas is  co llec ted , that i s ,  
when the balloon ju sts  f i l ls  the 100 m l flask , the th ree -w a y  va lv es  are  
sw itched  to allow  the r e s t  of the generated  g a ses  to  exhaust up a fume 
hood. When the reaction  is  com plete  (a fter  about 30 se c . ), the va lv es  
are again sw itched  so  that co m p ressed  a ir d efla tes the balloon and 
fo r c e s  the co llec ted  gas into the gas sam pling va lve . A fter the balloon  
has com p le te ly  co lla p sed , the gas sam pling valve is  sw itched  to  in ject
1. 0 m l of gas into the chrom atographic colum n. A fter each run the 
apparatus is  flushed  with co m p ressed  a ir to rem ove any resid u a l 
hydrides. In addition, the reaction  flask  is  c leaned  a fter each run by 
running a blank in it.
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The gas sam pling valve used  w as a M icro Volum e V alve, C atalog  
No. 20 1 4 -P , from  C arle Instrum ents, Inc. It is  sch em a tica lly  shown  
in F igu re 2. The two sam ple loops each have a volum e of 1 .0  m l. In 
m ode one, loop 1 is  part of the ca rr ie r  gas line and loop 2 is  the sam ple  
loop. When the sam ple loop is  f illed , the valve is  sw itched  to m ode 
two. In th is m ode, loop 2 is  now part of the c a r r ie r  gas lin e , and the 
sam p le that w as in loop 2 is  sw ept out of the loop and into the ch rom ato­
graphic colum n. Loop 1 now can be filled  with a sam ple of gas for the 
next a n a ly sis .
Once in jected  into the chrom atographic colum n, the variou s com pounds 
of the gas sam ple are sep arated  and then detected . The peak heights for  
the hydrides can be m easu red  on the chrom atogram  (se e  F igu re 3) and 
com pared with a standard curve (F igu re 4) to  determ ine the concentration  
of a rsen ic  and antim ony in the sam p le.
E ffect of C h em ical and Instrum ental P a ra m eters
Hydride G eneration M ethods: At the beginning of th is w ork it  w as
known that the hydrides of a rsen ic  and antim ony w ere  to be used  for the 
a n a ly s is , how ever, the m ethod of generating the hydrides w as undecided. 
B eca u se  th ere are s e v e r a l m ethods of generating the h yd rid es, the f ir s t  
step  of the in vestigation  w as to com pare the generation  m ethods.
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Figure 3. Typical Chromatogram
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The z in c-stan n ou s ch lo r id e-p o ta ss iu m  iodide sy stem  w as tr ied  
f ir s t . A 25 m l standard a rsen ic  sam ple containing 25 m g A s w as 
acid ified  with 2. 5 m l of 50% H2S 0 4 (v /v ) , fo llow ed  by 2. 0 m l of 15%
KI (w /v) and 1. 0 m l of 10% SnCl2 (w /v) in 17% HC1 (v /v ) . Two to 3g 
of 20 m esh  zinc m eta l w ere  then added to the sam ple and the gas which  
w as generated  w as co llec ted  in a balloon. One m il l i l i t e r  of th is gas 
w as taken and in jected  into the gas chrom atograph with a g a s-tig h t  
sy r in g e . T his sam e procedure w as follow ed for 25 m g sam p les  of 
antim ony and for m ixed  sam p les of a rsen ic  and antim ony. A rsin e  and 
stib in e peaks w ere  obtained, but the peak heights for a constant sam ple  
Weight w ere  not reproducable. F igu re 3 show s a typ ica l chrom atogram . 
T his chrom atogram  w as obtained from  a d ifferent hydride generation  
proced u re, but s e r v e s  to illu stra te  the r e la tiv e  peak p o sitio n s. T his  
m ethod w as a lso  u sed  in an attem pt to  obtain the hydrides of se len iu m , 
te llu riu m , and bism uth but no peaks w ere  ob served  for th ese  in the 
chrom atogram .
The titanium  tr ich lo r id e-m a g n esiu m  sy stem  w as then tr ied . A 15 
m l standard sam p le containing 15 m g A s w as acid ified  with 10 m l of 1% 
T iC l3 (v /v ) in HC1. T his w as allow ed to stand 5 m in. A vacuum  w as  
drawn on the sy stem  and then a 60 cm  p iece  of Mg ribbon which w as  
wound into a 1 in. by 1 /8  in. rod w as added to the v ig o ro u sly  s tir re d  
solution . The reaction  w as rapid, la stin g  only 45 se c . , and produced
T-1645 22
about 500 to 600 m l of gas. One m ill i l it e r  of th is gas w as then in ­
jected  into the gas chrom atograph w ith a g a s-tig h t syrin ge. At high 
le v e ls ,  1 to 15 m g of As or Sb, th is  m ethod produced a rsin e  
and stib in e peaks that w ere  about 10% as high as peaks produced by the 
Zn-SnC l2-KI m ethod. In addition, a brow nish-b lack  so lid  w as form ed.
T h is so lid  could be the free  elem en t(s) or a m agnesium  a rsen id e  or 
antim onide. No peaks w ere  obtained for the hydrides of b ism uth, 
se len iu m , or tellu riu m  by th is m ethod.
Z inc, in stead  of m agn esiu m , w as next tr ied  with the titanium  t r i ­
ch loride solution . T his w as done b ecau se zinc is  a w eaker reducing agent 
than m agnesium . T his m ethod did not produce the brow nish-b lack  so lid s  
that the M g-T iC l3 m ethod did. In addition, it produced stron ger hydride  
peak s, but the a rsin e  peak w as s t i l l  only 60% of the peak produced by the 
Z n-SnC l2-KI m ethod. The Z n -T iC l3 m ethod produced m uch m ore  
reproducable r e su lts , how ever. A lso , the stib ine peak produced by the 
Z n -T iC l3 m ethod w as about four t im es  as high as the peak produced by 
the Zn-SnC l2-KI m ethod, indicating incom plete reduction of antim ony by 
the la tter . Again, how ever, no peaks w ere  observed  for the hydrides of 
bism uth, se len iu m , or tellu riu m  u sing the Z n -T iC l3 m ethod.
At low le v e ls  of a rsen ic  and antim ony, 300 m icrogram s or 
l e s s ,  it  w as ob served  that the M g-T iC l3 sy stem  produced a rsin e  and 
stib in e peaks about 70% h igher than peaks produced by the Z n -T iC l3 sy stem .
5s.
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B ecau se  se n s it iv ity  at low concentrations is  of g rea ter  in ter est in th is  
in vestigation , and becau se rep rod u cib ility  is  n e c e ssa r y , the M g-T iC l3 
sy stem  w as judged to be su p er ior  to the Z n-SnC l2-KI and to the 2 n -T iC l3 
sy s te m s . Much work w as done w ith th is sy stem  (M g-T iC l3) on d e te r ­
m ining the proper colum n conditions for separation , but it  w as la ter  
d iscard ed  in favor of the sodium  borohydride p e lle t  sy stem .
The sodium  borohydride reduction  w as tr ied  in two d ifferent form s. 
In one form , the 15 m l sam ple w as acid ified  w ith 10 m l of HC1, and then  
1 m l of 25% NaBH4 (w /v) w as in jected  into the v ig o ro u sly  s tir r ed  sam p le . 
A vacuum  had been p rev io u sly  drawn on the sy stem . T h is sy stem  w as  
capable of producing peaks s ix  t im es  as high as peaks produced by the 
M g-T iC l3 sy stem , but grea t d ifficu lty  w as encountered in rep rod u cib ility  
adding the NaBH4 solution  to an evacuated sy stem . T his sy stem  w as  
th erefo re  abandoned.
The secon d  form  of the sodium  borohydride sy stem  u tilized  p e lle ts  
of NaBH4. In th is sy stem , the 15 m l sam ple w as acid ified  w ith 10 m l of 
HC1. A s in g le  p e lle t  of NaBH4, w eighing about 0. 25 g, w as then added 
to  the v ig o ro u sly  s tir r e d  sam ple by m eans of the dosing spoon d escr ib ed  
above. A vacuum  had been p rev io u sly  drawn on the system . The 
reaction  w as quite rapid, la stin g  about 30 s e c . , and producing 600 to  
700 m l of gas. At th is  tim e it w as found that g rea tly  im proved  s e n s i ­
tiv ity  could be obtained if  only the f ir s t  100 m l of the generated  gas w as
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co llec ted  and sam pled  (th is is  d iscu ssed  m ore fu lly  la ter ). When the 
f ir s t  100 m l of the generated  gas w as co llec ted  and sam pled , it w as  
ob served  that the peaks produced by the NaBH4 sy stem  w ere  about 
10 t im es  as high as the peaks produced by the M g-T iC l3 sy stem  when  
a ll of the gas w as co llec ted  and sam pled , and about 3 to  5 tim es  as 
high as the peaks produced by the NaBH4 sy stem  when a ll of the gas  
w as co llec ted . In addition the peak heights w ere equally  or m ore  
rep rod u cib le  for the NaBH4 - f i r s t - 100-m l-o f-g a s  sy stem  as for  
the M g-T iC l3 sy stem . The NaBH4- f ir s t -1 0 0 -m l-o f-g a s  sy stem  w as  
th erefo re  judged to be su p er ior  to  the other sy stem s  tested  in r e ­
p rod u cib ility , se n sit iv ity , and s im p lic ity  of operation .
Column S election , T em p eratu re, Flow R ate, and M aximum Sam ple  
Volum e: At the beginning of th is w ork the choice of liquid phase
for the chrom atographic colum n w as uncertain. It w as known that a 
sep aration  of som e inorganic h yd rid es, among them, a rs in e , could be 
p erform ed  (Devyatykh and o th ers, 1964). H ow ever, due to the ex trem e  
length of the colum n u sed  by Devyatykh, et al. (8 m e te r s ) , and to  peak  
spreading caused  by colum ns of such length, it  w as hoped that a d if­
feren t colum n packing could be found that would allow  a sh orter  colum n  
length. The f ir s t  colum n tested  w as a 12 ft, 1 /8  in. OD s ta in le s s - s t e e l  
colum n packed with 20% Dow Corning -200 on 100-200 m esh  C hrom o- 
sorb  W (HP). The c a r r ie r -g a s  flow rate and tem p eratu re w ere  in itia lly
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a rb itra r ily  se t  at 30 c c -H e /m in  and 55°C re sp e c tiv e ly . T h is tem p era ­
ture w as m aintained by allow ing the colum n b low er to operate co n ­
tinuously  without applying any additional heating. N ext, d ifferent  
vo lu m es of a ir w ere  in jected  usin g  a g a s-tig h t 10 mb sy rin g e . It w as  
ob served  that volum es la rg er  than 1. 0 m l produced broad, m u lti­
peaked, u n sym m etrica l cu rv es . A sam p le of 1. 0 m l or le s s ,  h ow ever, 
gave a s in g le , sy m m etr ica l peak. It w as decided, th erefo re , to u se  a 
g a s-sa m p le  volum e of 1. 0 m l. The cau se of th is apparent co lu m n -  
detector  overloading from  sa m p les  la rg er  than 1. 0 m l w as not d e ter ­
m ined.
Standard sa m p les  of a rsin e  and stib ine produced by the Z n-SnC l2- 
KI, Z n -T iC l3 and M g-T iC l3 sy s te m s  w ere then in jected  into the colum n. 
It w as ob served  that a rs in e  and stib in e could be detected  and sep arated  
usin g  the arb itrary  colum n conditions; how ever, the a rsin e  peak w as  
not sep arated  v ery  co m p le te ly  from  the air peak. The colum n tem p era ­
ture w as low ered  to room  tem perature by d isconnecting the colum n  
blow er. At th is low er tem perature (25°C  v s. 5 5 °C) the a r s in e -a ir  
peak sep aration  w as im proved som ew hat. R etention of the arsin e  
w as in crea sed  from  13 units at 5 5 °G to  16 units at 25°C w hile the a ir  
peak retention  w as in crea sed  by only one unit. One unit equals 2 /5  m in. 
The a r s in e -s tib in e  separation  w as a lso  in crea sed , but th is w as n ever  
a problem .
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The c a r r ie r -g a s  flow rate w as now in vestigated . When the flow  
rate w as in crea sed  from  30 c c /m in  to 40 and then 50 c c /m in , the 
a rsin e  separation  d ecrea sed . L ow ering the flow rate to  20 c c /m in  
im proved the sep aration  of a rs in e  s ligh tly . R etention of the a rsin e  
in crea sed  from  16 units at 30 c c /m in  to 18 units at 20 c c /m in .
L ow er flow ra tes  w ere  not tested .
The a r s in e -a ir  peak sep aration  w as s t i l l  co n sid ered  to be in ­
su ffic ien t, how ever, so  the colum n tem perature w as low ered  by 
placing an 800 m l beaker f illed  with ic e  in the colum n oven. The 
tem perature sta b ilized  at about 15°C. The a rsin e  sep aration  w as  
im proved a litt le  m ore - retention  of 20 units at 15°C vs 18 units at 
25 °C.
It w as obvious then that the low er the tem p eratu re, the better the 
sep aration , so  the beaker filled  w ith ice  w as rep la ced  by a beaker  
f ille d  with dry ic e . The colum n h eater , how ever, would o cca s io n a lly  
turn on now, preventing the colum n tem perature from  going below 0°C . 
The tem p eratu re averaged  about 5°C , but it  would r is e  to  10°C for  
about 10 m inutes when the colum n h eater cam e on. The h eater  con tro ls  
w ere adjusted to  0°C and could not be adjusted any low er. Without 
co m p lete ly  d isconnecting  the colum n h eater , the tem p eratu re could not 
be low ered  below 0°C. It w as decided  not to d isconnect the h eater, 
how ever, b ecau se the colum n tem perature would probably go too low ,
allow ing any rem ain ing w ater vapor in the gas sam p le to fr e e z e  in 
the colum n. T h erefore , the cooling sy stem  using dry ic e  cou n ter­
acted  by the colum n h eater w as u sed  for the r e s t  of th is work.
Although the a r s in e -a ir  peak sep aration  w as now adequate, 
additional colum ns w ere te sted  b ecau se peaks for other hydrides  
w ere not being observed . In addition, the a r s in e -a ir  peak sep aration  
needed further im provem ent. A 6 ft, 1 /8  in. s ta in le s s - s t e e l  colum n  
packed w ith P oropak -T , a porous p o lym eric  m a ter ia l not requiring  
a liquid  phase coating, w as tr ied  next. At 30°C with a c a r r ie r -g a s  
flow rate of 20 c c /m in , two v e r y  broad cu rves appeared. At 6 7 °C 
one of th ese  cu rv es  w as converted  into a low peak. H ow ever b ecause  
the hydrides are th erm a lly  unstab le, th is colum n w as d iscarded .
N ext, a 6 ft, 1 /8  in. s ta in le s s - s t e e l  colum n packed with 3% SE -30 on 
C hrom osorb W w as te sted  at s e v e r a l tem p eratu res betw een 2 0 °C and 
110°C with no p o sitiv e  r e su lts . It w as thought at th is tim e that a m ore  
polar liquid phase m ight be able to g ive a better sep aration , th erefo re  
the next colum n tested  w as an 8 ft. , 2-m m  ID g la ss  colum n packed with  
12% C arbow ax-600 on C hrom osorb W (AW). When run at 5°C w ith a 
c a r r ie r -g a s  flow rate of 20 c c /m in  only stib ine w as sep arated  from  the 
air peak. A rsin e  w as not sep arated  at a ll. T h is colum n w as la ter  
com bined in s e r ie s  with the 12 ft Dow Corning -2 0 0 ‘colum n. T ogether  
they g ive a s lig h tly  better sep aration  for a rsin e  then does the 12 ft Dow
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Corning -200 colum n alone. T his com bined colum n sy stem  w as used  
for the r e s t  of th is work.
E fforts to In c rea se  the H ydride F raction  in the Injected  Gas Sam ple: 
E a rly  in the exp erim en ta l w ork, when the only thing of in ter est w as  
detection  of the h yd rid es, it  w as su ffic ien t for the hydrides to be 
generated  in a c lo sed  sy stem . H ow ever, it  w as soon apparent from  
the rather high detection  lim it (20 ng A s or Sb) obtained that it would  
be n e c e s sa r y  to  in cr ea se  the fraction  of hydride in the in jected  gas  
sam p le  by som e m ethod. The f ir s t  m ethod tr ied  w as to d ecrea se  the  
amount of a ir in the generation  apparatus p rior to reaction . To  
accom p lish  th is , the apparatus w as m odified  to d e cr ea se  its  volum e  
from  about 500 m l to about 90 m l. T his apparatus m odification , 
how ever, did not have m uch effect on the hydride peak heights. Next, 
a vacuum  w as drawn on the sy stem  with a w ater asp ira tor . A stopcock  
w as put in the vacuum  lin e  to prevent the esca p e  of any of the generated  
g a se s . The sam ple w as a lso  ic e  coo led , both to prevent boiling of the 
sam p le when the p re ssu r e  w as low ered  and to im prove the s ta b ility  of 
the hydrides. Again the hydride peak heights w ere  not im proved s ig n i­
ficantly , but the a ir  peak height w as g rea tly  reduced. T his had the 
effect of in crea sin g  the a rsin e  separation . T h ere fo re , a vacuum  w as  
drawn on the sy stem  before reaction  for the r e s t  of th is work. The
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m aintenance of the vaccum  has o cca s io n a lly  p resen ted  prob lem s  
during the addition of the reducing agent. M agnesium  or zinc m eta l 
could be added in a m ethod s im ila r  to the one d escr ib ed  above for the 
NaBH4 p e lle t  -  a dosing spoon m ounted in a on e-h o le  rubber stopper. 
The vacuum  caused  the aqueous NaBH4 m ethod to be unworkable, 
how ever, and is  one of the rea so n s  why th is m ethod w as d iscarded .
B ecau se  m ost of the gas gen erated  in the rea ctio n  and in jected  
into the chrom atograph is  hydrogen, only a sm a ll fraction  of the 
hydrides that are gen erated  are actu ally  detected . It w as thought that 
if  a ll of the hydrides could be sep arated  from  the hydrogen before  
in jection  into the chrom atograph, then the detection  lim it would be sub ­
sta n tia lly  low ered . T h erefo re  th ree  different co ld  traps w ere  tested  
in  an effort to condense the hydrides and thus sep arate  them  from  the 
hydrogen generated  in the reaction . The f ir s t  cold  trap te ste d  w as a
1. 5 by 12-cm  te s t  tube w ith a s id e  arm . The g a se s  w ere  fed  into th is  
through a 7 mm ID p iece  of g la ss  tubing that extended to the bottom of 
the te s t  tube and that was fitted  in a one-h ole rubber stopper. Stop­
cock s w ere  p laced  at the in let and outlet to regu late the gas flow rate. 
The hydrides w ere  generated  using the NaBH4~pellet sy s te m , p a ssed  
through a drying tube filled  with D rierte  to rem ove the w ater vapor 
and then p a ssed  through the cold  trap . The cold trap w as coo led  by a 
dry ic e -a c e to n e  bath. In addition, a balloon w as p laced  in the in let  
sid e  of the gas lin e to prevent any e x c e s s iv e  p r e ssu r e  build up.
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When the reaction  w as com p lete , the stopcocks w ere  c lo se d  and the 
co ld  trap w as allow ed to w arm  to room  tem perature to revap orize  
the condensed hydrides. One m il l i l i t e r  of th is gas w as then taken  
w ith a syrin ge that w as in serted  through the rubber tubing of the gas  
lin e  and in jected  into the chrom atograph. Unfortunately, no im p ro v e­
m ent w as ob served  in  the a rsin e  and stib ine peak heights and the peak  
heights w ere  no longer reproducib le.
The other two cold  trap s t e s t e d  d iffered  only in construction  of 
the trap itse lf . One w as a s im p le  MU n shaped g la ss  tube of 1 m m  ID 
and 24 cm  long. The other w as a convoluted g la ss  tube of 1 m m  ID 
and 96 cm  long. Both w ere  cooled  in a dry ic e -a c e to n e  bath and used  
the sam e generation  and sam pling procedure d escr ib ed  above fo r  the 
f ir s t  cold  trap. A gain no im provem ent w as ob served  in the a rsin e  or 
stib in e peak h eigh ts. Liquid n itrogen  as the coolant w as not tested .
O ther H yd rid e-F orm in g E lem e n ts : It is  known that the NaBH4- 
p e lle t  sy stem  can g en era te  hydrides from  the e lem en ts B i, Se, T e ,
G e, and Sn (F ernandez, 1973). It w as hoped, then, that th ese  e lem en ts  
could a lso  be analyzed by g a s-liq u id  chrom atography. A s d escrib ed  
above, efforts w ere  m ade to detect the hydrides of B i, Se, and Te 
using the various hydride gen eration  sy stem s  and using the d ifferent 
colum ns tested . None of th ese  e lem en ts  w ere  detected , how ever.
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The problem  could have been cau sed  by one or m ore of the follow ing:
1. The hydrides w ere  not .being generated .
2. The colum ns u sed .d id  not sep arate  the hydrides from  the a ir  
peak.
3. The colum ns u sed  p erm anently  absorbed or reacted  with  
with the hydrides.
4. The d etector w as not s e n s it iv e  to  the hydrides.
The f ir s t  p o ss ib le  cau se w as thought to be u n likely  b ecau se of the 
r e su lts  published by Fernandez (1973). In an attem pt to  determ ine  
w hich of the other ca u ses  w as the actual problem , m ore work w as done 
w ith se len iu m . It is  known that H2Se can be generated  from  A l2Se3 
(F e r n e liu s , 1946, p. 184) when treated  with w ater , so  som e A l2Se3 
w as m ade. One m ill i l ite r  of the gas generated  when the A l2Se3 w as  
trea ted  w ith w ater w as in jected  into the chrom atograph. The colum n  
u sed  w as the 12 ft DC -200 colum n. T hree v ery  strong peaks w ere  
ob served  in addition to the a ir  peak. It w as thought that th ese  peaks 
could  be from  H2Se, H2Se2, and H2Se3, but it w as not v er ified . It is  
known that sulfur form s the com pounds H2S, H2S2, and H2S3. B ecau se  
of the s im ila r ity  of the p rop erties  of sulfur and se len iu m , the eq u iva l­
ent s e r ie s  of selen iu m -h yd rogen  com pounds m ay be p o ss ib le . B ecau se  
th ese  peaks w ere  obtained using la rg e  am ounts of Se, it w as concluded  
that the problem  w ith low le v e ls  of Se w as m ost lik e ly  due to the
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in ab ility  of the detector to detect sm a ll quantities of H2Se. The 
p rob lem s for the other e lem en ts w ere  not determ ined.
In la te r  w ork done to check in ter feren ces  using the two colum n
\
s e r ie s  d escrib ed  above, it w as found that the hydrides of G e, Sn,
\
and Se, and H2S m a y b e  detected . High le v e ls  of tin , 2000 ug, 
or m o re , produce a peak that ex a ctly  co in cid es with the a rs in e  peak. 
Two different tin standards w ere  checked and both produced the sam e  
r e su lts . It w as not determ ined w hether th is peak w as caused  by 
a rsen ic  im purity  in the tin  reagen ts or caused  by SnH4. The a rsen ic  
im purity  se e m s  unlikely  b ecau se th is would req u ire that the tin  
reagen ts contain about 5000 ppm a rsen ic . H2S produced a peak that 
appeared betw een the a rsin e  and stib ine peaks. The H2S could be 
su c c e ss fu lly  generated  from  su lfid es  and from  su lf ite s  but not from  
su lfa te s . The detection  lim it  for H2S w as estim a ted  to be 35 jig. A 
p o ss ib le  GeH4 peak w as ob served  v ery  high on the tra ilin g  edge of 
the a ir  peak. It w as only observed  w hen the Ge le v e l w as 
10, 000 ug or h igher. F in ally , 10, 000 ug of Se or m ore produced a 
v e r y  broad, low peak that co m es out a fter the stib ine peak. One 
thousand ug of Se did not produce th is peak. T h is data would su ggest  
that a m ore  su itab le colum n could be found.
G as Sam ple Injection: At the beginning of th is  work the gas  
sam p les w ere  in jected  into the g a s-liq u id  chrom atograph with a 
g a s-tig h t syr in ge . A syrin ge  w as u sed  p r im a r ily  b ecau se the volum e  
of the in jected  sam ple could be varied  and thus, the optimum sam ple  
volum e could be determ ined. A s d escr ib ed  above, the optimum  
volum e of the in jected  gas sam ple w as determ ined  to be 1 .0  m l.
When th is w as known, a gas sam pling va lve ( s e e  F igu re 2) w ith  
m atched sam ple loop s, each holding 1. 0 m l, w as then used  for the 
r e s t  of th is work. The syr in ge  w as s t i l l  u sed  on occasion . F or  
exam ple, when the cold  trap s w ere te sted , the sam p le w as obtained  
and in jected  into the^chrom atograph w ith a syr in ge . The operation  
of the gas sam pling valve w as d escr ib ed  above in the P roced u re  
sectio n .
The gas sam pling va lve  w as con sid ered  to  be sup erior to the 
sy rin g e  for in jecting the gas sam p le b ecau se the volum e of the in ­
jected  sam p le w as m uch m ore reproducible- w ith the gas sam pling va lve . 
In th is  w ay, the actual amount of gas sam ple in jected  w as m ore r e ­
producib le. Of co u rse , the actual amount of sam ple a lso  depended on 
the tem p eratu re and p re ssu r e . The tem perature of the gas sam ple  
w as not con sid ered  to be a problem  b ecau se the gas would be at room  
tem p eratu re at the tim e  of sam pling. Room tem perature g en era lly  
did not vary  by m ore than 4°C . Sam ple p r e ssu r e , how ever, depended
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on atm ospheric p r e ssu r e . No attem pts w ere m ade to control the gas  
sam ple p r e ssu r e  in th is w ork. .
"R ate of G eneration*1 of H ydride and G as Sam pling Procdure:
At the beginning of th is work a ll of the gas generated  by the reaction  
w as co llec ted  and then 1 m l of th is  gas w as in jected  into the ch ro ­
m atograph. L ater, by accident, only the f ir s t  5 m l of gas generated  
usin g  the NaBH4-p e lle t  sy stem  w as sam pled . The a rsin e  and stib in e  
peaks produced by th is procedure w ere  20 to  50 tim e s  as high as the 
peaks produced when the to ta l gas sam p le w as co llec ted . Unfortunately, 
th is accidental sam pling m ethod w as not v ery  reproducib le ; how ever, 
it  did su ggest that the hydrides of a rsen ic  and antim ony w ere  produced  
in the f ir s t  part of the reaction  and that after the in itia l few secon d s of 
the reaction  only hydrogen w as produced. To check th is h yp oth esis, 
the apparatus w as m odified  so  that only the f ir s t  portion  of gas would  
be co llec ted  (the apparatus w as as shown in F igure 1). At f ir s t ,  a 
250 m l fla sk  w as used  to en ca se  the balloon r e se r v o ir . When the 
NaBH4 p e lle t  w as added the th ree -w a y  va lv es  w ere  adjusted so  that the 
f ir s t  portion of the generated  g a se s  went into the balloon. When the 
balloon ju st filled  the fla sk  the th ree -w a y  va lves w ere  again adjusted  
so  that the r e s t  of the gas gen erated  w as exhausted up a fume hood.
Then the gas from  the balloon w as forced  into the gas sam pling va lve
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w ith co m p ressed  a ir after again adjusting the th ree -w a y  v a lv es .
T h is gas sam ple produced a rsin e  and stib in e peaks that w ere  about 
50% higher than the peaks produced when the total gas sam ple w as  
co llec ted . N ext a 100 m l fla sk  w as used  in stead  of a 250 m l flask . 
With th is sm a lle r  fla sk  the a rsin e  and stib ine peaks w ere  about 
tw ice  as high as the peaks produced when the tota l gas sam p le w as  
co llec ted . B ecause the volum e of the tubing betw een the balloon  
and the gas sam pling valve w as about 70 m l, the apparatus w as  
m odified  s lig h tly  to reduce the volum e of the tubing to  about 30 m l 
thus allow ing only the f ir s t  50 m l of gas gen erated  to be co llec ted  
and sam pled . H ow ever, no im provem ent in the hydride peak  
heights w as ob served  and the rep rod u cib ility  w as s lig h tly  d ecreased . 
T h ere fo re , the f ir s t  100 m l of gas gen erated  w as u sed  for the r e s t  
of th is w ork except for certa in  te s t  to  be d escr ib ed  below and in 
la te r  sec tio n s .
A s e r ie s  of t e s t s  w as ca rr ied  out to  determ ine what the fraction  
of hydride w as at variou s t im es  during the reaction  of the NaBH4 
p e lle t  w ith 50 >ig each of A s and Sb. The r e su lts  are shown in F igu re
5. T o obtain th is data a secon d  co llec tio n  balloon w as put into the 
apparatus in p a ra lle l w ith the norm al co llec tio n  balloon. Another 
th ree -w a y  va lve w as u sed  to d irect the gas as it w as being generated  
into e ith er of the two co llectio n  balloons. The norm al co llec tio n
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balloon w as en closed  in a 50 m l flask . The second co llec tio n  balloon  
w as en c lo sed  in se v e r a l d ifferent f la sk s. In operation for the f ir s t  
se t  of data points, the f ir s t  50 m l of gas generated  u sin g  the norm al 
generation  procedure w as co llec ted  in the norm al co llec tio n  balloon  
and then sam pled  in the chrom atograph by the norm al m ethod. The 
secon d  se t of data points w ere obtained by d irecting  the f ir s t  50 m l 
of gen erated  gas into the secon d  co llec tio n  balloon. T h is balloon w as  
en c lo sed  in a 50 m l flask . A s soon as th is second  co llec tio n  balloon  
f illed  the flask , the th ree -w a y  va lve  w as sw itched so  that the second  
50 m l of generated  gas w as d irected  into the norm al co llec tio n  b a l­
loon. The r e s t  of the gen erated  gas w as exhausted. Then the gas in 
the norm al co llec tio n  balloon, the second  50 m l of generated  g a s , w as  
sam pled  in the chrom atograph in the norm al way. The f ir s t  50 m l of 
generated  gas w as s im p ly  d iscarded . By the sam e procedure the th ird  
50 m l of generated  gas w as sam pled  by fir st  co llec tin g  the f ir s t  100 m l 
of generated  gas in the second  co llec tio n  balloon. The r e s t  of the data 
w as obtained in the sam e w ay, only varying the volum e of gas co llec ted  
in the second  co llec tio n  balloon.
F rom  F igu re 5, it can be seen  that arsin e  is  generated  p r im a r ily  
in the f ir s t  part of the reaction  w ith the fraction  of a rsin e  rap id ly  d e­
c rea sin g  as the reaction  p roceed s. The fraction  of stib in e does not 
fa ll as rap id ly  as does the fraction  of a rs in e , but it too d e c r e a se s  as
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as the reaction  p roceed s. F igure 5 would probably correspond  
c lo s e ly  to  a graph of the rate of generation  of the h yd rid es, but 
no attem pt w as m ade to  determ ine the actual rate equation in th is  
work.
A cid  C oncentration: At the beginning of th is w ork the sam ple  
volum e and acid  concentration  w ere  used  as recom m ended  by 
Fernandez (1973), but la ter  a s e r ie s  of te s ts  w as done to  se e  what 
effect varying the hydrochloric acid  concentration  would have on the 
a rsin e  and stib ine peak heights. The r e su lts  are shown in F igu re 6. 
The norm al m ethod as d escr ib ed  in the P roced u re sectio n  w as u sed  
except the tota l HC1 concentration  w as varied . The amount of 
a rsen ic  and antim ony w as kept constant at 50 }ig and the total so lu tion  
volum e w as kept constant at 25 m l. The amount of HC1 added w as 
varied  betw een 0. 5 and 20 m l of the total 25 m l sam ple. That is ,  the 
concentration  w as varied  betw een 0. 48 N and 9. 6 N. At HC1 con ­
cen tration s ab ove.7. 7 N a w hite so lid  w as form ed during the reaction  
of the NaBH4. T h is so lid  w as so lub le in w ater but not in HC1. It 
w as thought to  be H3B 0 3 becau se borate i s  the product of the reaction  
betw een borohydride and hydronium  ions.
F rom  F igure 6, it can be seen  that there is  an optimum acid  



























is  at about the sam e concentration  for both a rsen ic  and antim ony and 
i s  at the concentration  of HC1 n orm ally  used . (The sa m p les  u sed  w ere  
in 10% HC1 plus 10 m l HC1 to g ive 11 .5  m l of HC1 in the tota l s a m p le .) 
It is  in terestin g  to note that Fernandez (1973) did not ob serve any 
variation  of the A s and Sb sign a l (using  atom ic absorption sp e c tr o ­
scop y  as the detection  method) as the HC1 concentration  w as varied . 
H ow ever, Fernandez co llec ted  a ll of the gas generated  w hile only the 
f ir s t  100 m l of gas generated  w as co llec ted  in the p resen t work. 
A pparently, the rate of generation  of the hydrides depends on the 
acid ity  to som e unknown degree. T h is w as not in vestiga ted  further.
Sam ple V olum e: Follow ing the norm al procedure 15 m l of sam ple
w as m ixed  with 10 m l of HC1 to g ive a total sam p le volum e of 25 m l.
A s e r ie s  of te s ts  w as run to  se e  what effect varying the tota l sam ple  
volum e had on the hydride peak h eigh ts. The r e su lts  are shown in 
F igu re 7. The amount of standard w as held constant at 100 }ig and the 
acid  concentration  w as held constant at 5. 5 N. The tota l solution  
volum e w as varied  from  12. 5 m l to 400 m l w hich corresponded  to 
varying the sam ple volum e from  7; 5 m l to 240 m l.
F rom  F igu re 7 it can be seen  that the arsin e  and stib ine peak  
heights rap id ly  fa ll off as the tota l solution  volum e in c r e a se s  and then  
sta b ilize  at h igher so lution  v o lu m es. At the h igh est sam ple volum e ,
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F igu re 7. Peak H eight vs Solution Volum e







































240 m l, the peak heights produced by 100 pg corresp on d  to the peak  
heights produced by 10 pg of A s and Sb in the norm al sam p le volum e  
of 15 m l. The la rg er  sam p le had an actual concentration  of 0 .4 2  ppm  
A s and Sb w hile the equivalent 15 m l sam ple had an actual concentration  
of 0. 67 ppm A s and Sb. W hile it is  true the la rg er  sam p le had a litt le  
better sen s itiv ity , it  w as not s ig n ifica n tly  better and did not ju stify  the 
in crea sed  consum ption of HC1. T h erefo re , the norm al sam ple volum e  
of 15 m l w a s  used  for the r e s t  of this work. No attem pt w as m ade to 
s e e  if  the HC1 concentration  could be reduced in the la rg er  sam ple  
vo lu m es.
B alloon R e se r v o ir : For m o st of th is work a balloon r e se r v o ir  w as  
u sed  to co lle c t  the g a se s  gen erated  in the rea ctio n s tested . S evera l 
t e s t s  w ere  perform ed  to determ ine what e ffec ts , if  any, the balloon  
had on the a n a ly sis .
F ir s t , after generating and co llectin g  a gas sam ple in the norm al 
m ethod, the gas w as allow ed to rem ain  in the balloon for varying  
am ounts of tim e before the gas w as sam pled. It w as ob served  that 
after 90 se c  in the balloon 100% of the a rsin e  but only 85% of the 
stib ine could be reco v ered  when com pared with the norm al sam pling  
m ethod. A fter the gas had rem ained  in the balloon for 3 m in, 100% 
of the a rs in e  but only 50% of the stib ine could be reco v ered . The
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cau se  of the stib in e reduction  w as thought to  be adsorption on the 
balloon w a lls  b ecau se when a blank w as run after the 3 m in run, 
a sm a ll stib ine peak w as ob served . When the gas w as allow ed to  
rem ain  in the balloon for 90 se c  or m ore , it  w as a lso  ob served  that 
the hydrogen and a ir  peak'heights changed, w ith the hydrogen peak  
height d ecreasin g  and the a ir peak height in creasin g . T h is m ay be 
cau sed  by diffusion of the hydrogen through the balloon thus d e­
c rea s in g  the fraction  of hydrogen and in crea sin g  the re la tiv e  fraction  
of a ir in the gas sam p le . T h is , how ever, had no effect on the hydride 
peak heights.
Apparatus Dead Space: B ecau se the hydride peak height is  a
function of the volum e of gas gen erated  and co llec ted , a s e r ie s  of t e s ts  
w as done to determ ine what effect apparatus dead space had on hydride  
peak height. The r e su lts  are shown in Table 3. To obtain the data, 
only the reaction  flask  volum e w as changed. The arsen ic  and antim ony  
w eights w ere h e ld  constant at 50 pg. The tota l solution  volum e w as  
held  constant at 25 m l, and the f ir s t  100 m l of gas to be co llec ted  in the 
balloon r e se r v o ir  w as sam pled  in the norm al m anner. The a rsin e  and 
stib in e peak heights w ere m easu red  on the chrom atogram  and com pared  
w ith the standard curve (F igu re 4) to determ ine the w eight of the r e ­
co v ered  a rsen ic  and antim ony.
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T able 3. E ffect of A pparatus Dead Space on S en sitiv ity
R eaction  F lask  Wt. A rsen ic  Wt. A rsen ic  Wt. A ntim ony Wt. A ntim ony
V olum e (ml) Added (pg) R ecovered  (pg) - Added (pg) R ecovered  (pg) 
50 50 53 50 52
50. 50 48 50 47
100 50 46 50 47
100 50 46 50 47
250 50 30 50 33
250 50 26 50 32
500 50 25 50 32
500 50 15 50 22
From  the data in T able 3 it can be seen  that the w eight of a rsen ic  
and antim ony reco v ered  d e c r e a se s  when the dead sp ace  in c r e a se s .  
T h is m ay be cau sed  by the diluting effect of the extra  hydrogen needed  
to f i l l  the ex tra  dead sp ace  in the apparatus b efore the balloon r e s e r ­
vo ir  is  filled . Thus it is  apparent that the dead sp ace in the apparatus 
should be kept to  a m inim um .
D rying Tube D esiccan t: A drying tube filled  w ith anhydrous 
ca lciu m  su lfate (D rier ite ) w as used  throughout th is work to exclude  
w ater vapor from  the chrom atographic colum n. The rea so n  w ater  
vapor w as excluded w as due en tir e ly  to an a lm o st u n iv ersa l ru le
T-1645 45
that w ater vapor should be excluded  from  chrom atographic colum ns  
to  prevent the p o ssib le  perm anent absorption of w ater onto the 
colum n and thus reduce the co lum n’s effic ien cy . The D r ier ite ,  
w as held  in the drying tube w ith lo o se  g la ss  wool plugs.
It w as ob served  that the D r ier ite  had an effect on the re co v e ry  
of a rsin e  and stib in e. With fresh  desiccant only 30 pg of a rsen ic  and 
50 pg of antim ony could be reco v ered  when 100 pg of each had been  
used  in the generation  of the hyd rid es. The amount of absorption of 
the hydrides would d ecrea se  during subsequent runs until the apparent 
hydride reco v ery  w as up to the le v e l  that w as con sid ered  norm al. T his  
fu ll rec o v e ry  g en era lly  took about 10 runs to attain. It w as s t i l l  
p o ss ib le  to ob serve a gradual in c r e a se  in the rec o v e ry  of the hydrides  
during the follow ing runs. The reco v ery  in crea se  w as sm a ll, how ever, 
and could be taken into con sid eration  by running a standard o cca sio n a lly .
A fter about 100 runs, contam ination caused  by the hydrides absorbed  
in  the drying tube becam e a problem . It w as ob served  p r im a r ily  as an 
in c r e a se  in the stib in e reco v ery . T h is could be con tro lled  by running 
1 or 2 blanks after about 5 runs. A fter another 100 runs, how ever, 
even  the frequent running of blanks could not control the contam ination. 
The D r ier ite  had to be rep laced  then
A sc a r ite , sodium  hydroxide im pregnated  a sb e sto s , w as a lso  
te sted . It w as tested  p r im a r ily  in an attem pt to im prove the a r s in e -
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a ir  peak separation  by rem oving any hydrogen ch lorid e that m ay have 
been in the air peak and thus reducing the a ir peak. F ir s t , a 50% 
A sc a r ite , 50% D rier ite  m ixture w as tested . No change w as ob served  
in  the a rsin e  peak but the stib ine peak height w as reduced  by 50%.
N ext only A sca r ite  w as tested . The a ir peak - a rs in e  peak sep aration  
w as im proved slig h tly , but the stib ine w as co m p le te ly  absorbed by 
the A sca r ite . T h erefore  the A sc a r ite  w as abandoned. No other 
d esicca n ts  w ere tested .
O xidation State: The a rsen ic  and antim ony in the p rim ary  standards  
u sed  in th is w ork are both tr iva len t. T ests  w ere  run on pentavalent 
standards and a lso  on other form s of tr iva len t standards. The resu lts  
are shown in T able 4.
T able 4. R eco v ery  of A rsen ic  and Antim ony from  V arious Standards
Standard Sam ple
T ested  P retrea tm en t Wt. Added (pg) Wt. R ecovered  (pg)
A s+3-N a A s0 2 none 50 54
Sb+3-Sb20 3 none 150 131
150 124
Sb+3-Sb2S3 none 150 118
150 124
A s+5-N a2H A s04° none 150 20
7H20  none 150 24
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T able 4 Con’t:
Standard
T ested
A s+5-N a 2 
H A s0 4- 7H20
A s+5-K 3A s0 4
A s+5-K 3A s 0 4
A s+3-A s 20 3
Sam ple
P retrea tm en t Wt. Added (pg)
^ SC« ° o L J> >
°3 i( O f
Wt. R ecovered  (pg)
1 m l 10% NH2OH- 50 8
HC1
1 m l 10% NH2OH- 50 8
HC1
10 m l 1% T iC l3 in 50 < 8
HC1
10 m l 1% T iC l3 in 50 < 8
HC1
1 m l 10% Fe(NH4) 2 50 8
(S 04)2- 6H20






10 m l 1% T iC l3 in 50 9
HC1
10 m l 1% T iC l3 in 50 9
HC1
10 m l 1% T iC l3 in 50 13
HC1 and boiled
10 m l 1% T iC l3 in 50 15
HC1 and boiled
1 m l 10% (NH2)2- 50 < 8
h 2s o 4
1 m l 10% (NH2)2* 50 < 8
h 2s o 4
1 m l 10% KI 50 62
1 m l 10% KI 50 65
1 m l 10% KI 50 50
1 m l 10% KI 50 50
Sb+5-KSb none






T able 4 Con’t:
Standard Sam ple
T ested  P retrea tm en t Wt. Added (pg) Wt. R ecovered  (pg)
Sb+5-KSb(OH)6- 1 m l 10% KI
1 /2  H20  1 m l 10% KI
A s+5-(C 6H5)4 1 m l 10% KI





T able 5 show s the r e su lts  of te s ts  m ade when a ll of the generated  
gas w as co llec ted  and then sam pled .
T able 5. R eco v ery  of A rsen ic  and A ntim ony from  V arious Standards 
When the T otal Gas Sam ple is  C ollected
Standard
T ested
A s+3-A s20 3
Sam ple





oxid ized  with  
1% KM n04 








Sb+3-KSbC4 oxid ized  with  
H40 7- 1 / 2HzO 1 % KMnD4
oxid ized  w ith  
1 % KM n04
Wt. Added (pg) Wt. R ecovered  (pg)
A s 3 -NaAsO:






























It w as observed  in th is s e r ie s  of te s ts  that pentavalent a rsen ic  
and antim ony cannot be detected  when only the f ir s t  100 m l of the 
generated  gas is  co llec ted  (se e  T able 4). But b ecau se other w ork ers  
using atom ic absorption as the m ean s of detection  (Yam am oto, 
K um am aru, and H ayashi, 1972) and co llec tin g  the total gas sam ple  
did not have th is  problem , it  w as thought that the reduction  to the 
hydride from  the pentavalent sta te  did occur, but not as fa st as from  
the tr iva len t sta te . To check  th is hypothesis sam p les  w ere  run using  
the norm al reaction  p rocedure, but co llec tin g  a ll of the gen erated  gas. 
A s can be seen  in Table 5 a good peak w as obtained for pentavalent 
a rsen ic , but it w as h igher than the peak obtained for tr iva len t a rsen ic . 
T h is w as not cau sed  by a bad standard becau se when the tr iva len t  
a rsen ic  w as oxid ized  with a litt le  1% KMn04 to pentavalent a rsen ic , 
the sam e peak height w as obtained for both standards. T his d ifferen ce  
in apparent r e c o v e r ie s  betw een the two oxidation sta te s  m ay be cau sed  
by a p artia l reduction of the tr iv a len t a rsen ic  to elem en ta l a rsen ic  
rather than to a rsin e . T h is would su ggest that to obtain m axim um  
re co v e ry  of a rsen ic  from  solu tion , the a rsen ic  should be in the penta­
valent sta te . But to detect the pentavalent a rsen ic , the total gas sam ple  
m u st be co llec ted . B ecau se  of the dilution caused  by a ll of the e x c e ss  
hydrogen when the total gas sam p le is  co llec ted , the d etection  lim it  
for a rsen ic  is ra ise d  to  25 ug from  8 ug for the norm al m ethod using
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tr iva len t a rsen ic . It w as a lso  ob served  that when tr iva len t antim ony  
w as oxid ized  to the pentavalent sta te , it could not be detected  either  
when only the f ir s t  100 m l of gas generated  w as co llec ted  or when a ll 
of the gas generated  w as co llec ted . T his problem  with pentavalent 
antim ony w as not in vestigated  further. B ecause of the elevation  of 
the detection  lim it  for a rsen ic , and because pentavalent antim ony could  
not be detected , it w as decided that the m ethod using tr iva len t a rsen ic  
and antim ony should be used . It w as a lso  decided that the apparent 
reduction  of tr iva len t a rsen ic  to  elem en ta l a rsen ic  w as not enough of 
a problem  to cau se  the norm al m ethod to be d iscarded . T h is con­
c lu sion  w as supported by the fa ir ly  good rep rod u cib ility  of the norm al 
m ethod (se e  sec tio n  on rep rod u cib ility  below). T h erefo re , som e  
m eans of reducing pentavalent a rsen ic  and antim ony had to be found.
A s shown in T able 4, se v e r a l reagen ts w ere  te sted  in an attem pt 
to reduce pentavalent a rsen ic  to tr iv a len t a rsen ic . Solutions of hydro- 
xylam ine hydrochloride, ferro u s am m onium  su lfa te , and hydrazine  
su lfate w ere  a ll tr ied  without s u c c e s s . T itanium  tr ich lo r id e , a v ery  
stron g  reducing agent only gave a sm a ll reduction to the tr iva len t sta te  
when the so lution  w as heated to  a lm o st boiling. The rea so n s th ese  
reducing agents fa iled  to reduce the arsen ate , an oxidizing agent in  
acid ic  solu tion , w as not known. A so lution  of p otassiu m  iodide, 
how ever, did reduce the pentavalent a rsen ic  to tr iva len t a rsen ic .
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The cau se of the apparently high reco v ery  of the reduced pentavalent 
a rsen ic  (s e e  Table 4) w as not known. The KI solution  w as a lso  e ffec tiv e  
in reducing pentavalent antim ony to tr iva len t antim ony, but it had no 
e ffec t on the tr iv a len t standards.
Other form s of tr iv a len t antim ony w ere te sted  (s e e  T able 4) p ro ­
ducing apparently low r e c o v e r ie s  of antim ony. The low r e c o v e r ie s  
w ere  attributed to  the p ra ctica l grade standards used.
An organic a rsen ic  standard w as a lso  te s ted  but it w as not expected  
that any of the a rsen ic  could be reco v ered  without f ir s t  oxid izing the 
sam p le . T his oxidation w as not done in th is work and the a rsen ic  w as  
not recovered . B ecau se  organic a rsen ic  is  not probable in natural 
w a ters , oxidation of the sam ple should not be n e c essa r y .
In te r fer en ce s : A s e r ie s  of t e s t s  w as done to determ ine w hich ions  
in ter fere  with the gen eration  and reco v ery  of a rsin e  and stib ine using  
the norm al generation  and co llec tio n  m ethod. The r e su lts  are shown 
in T able 6. T o obtain th is data 50 pg each of standard a rsen ic  and 
antim ony w ere  m ixed  with the indicated  w eight of the ind icated  ion.
The peak heights w ere  m easu red  to  determ ine the rec o v e ry  of a rsen ic  
and antim ony. The so u r ces  of the te sted  ions are lis te d  in Appendix II.
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T able 6. E ffect of V arious Ions on R eco v ery  of A rsen ic and Antii
Wt. Ion Wt. A s Wt. As Wt. Sb Wt.
Added Added R ecovered Added R ecc
Ion (ug) (ug) (ug) (ug) (ug)
Al+3 10,000 50 51 50 52
10,000 50 49 50 48
Ba+2 10,000 50 47 50 46
10,000 50 47 50 46
Cd+2 10,000 50 56 50 58
10,000 50 46 50 46
Ca+2 10,000 50 50 50 54
10,000 50 51 50 56
Cr+3 10,000 50 54 50 52
10,000 50 47 50 48
Co+2 10,000 50 50 50 50
10,000 50
Cu+2 10,000 50 48 50 53
10,000 50 46 50 48
Fe+3 10,000 50 52 50 58
10,000 50 48 50 45
M g+z 10,000 50 52 50 54
10,000 50 47 50 48
Mn+Z 10,000 50 50 50 52
10,000 . 50 47 50 48
Sr+2 10,000 50 53 50 54
10,000 50 49 50 48
Li+ 10,000 50 51 50 52
10,000 50 49 50 48
K+ 10,000 50 53 50 54
10,000 50 50 50 48
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Table 6 Con’t:
Wt. Ion Wt. As . Wt. A s
Added Added R ecovered
Ion (Ug) (ug). fag)
Na+ 10,000 50 53
10,000 50 45
Zn+ 10,000 50 50
10,000 50 51
n h 4+ 10,000 50 54
10,000 50 51
Pb+2 10 m l Sat. 
PbC l2
50 48
10 m l Sat. 
PbC l2
50 46
A g+ 10 m l Sat. 
AgCl
50 50
10 m l Sat. 
AgCl
50 48
Sn+4 10,000 50 100
10,000 50 104
Ni+2 10,000 50 32
10,000 50 29
1,000 50 45
1,000 - 50 47
100 50 50
100 50 50



































































T able 6 Con’.t:
Wt. Ion Wt. As Wt. A s Wt. Sb wt. :
Added Added R ecovered Added R ecc
Ion (ug) (ug) (ug) (ug) (ug)
Bi+3 10,000 50 8 50 18
10,000 50 8 50 20
1,000 50 16 50 38
1,000 50 . 15 50 36
100 50 30 50 50
100 50 29 50z 50
10 50 50 50 51
10 50 49 50 50
+4Ge 10,000 50 38 50 52
10,000 50 38 50 48
1,000 50 50 50 51
1,000 50 50 50 50
Te+4 10,000 50. 25 50 50
10,000 50 25 50 49
1, 000 50 49 50 50
1,000 50 50 50 52
Se+4 10,000 50 19 50 32
10,000 50 20 50 32
1,000 50 25 50 39
1, 000 50 26 50 37
100 50 35 50 39
100 50 35 50 37
10. 50 50 50 51
10 50 50 50 50
c 2h 3o 2' 10,000 50 51 50 54
10,000 50 48 50 46
F “ 10,000 50 57 50 56
10,000 50 52 50 59
1,000 50 52 50 50
1, 000 50 49 •50 49
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T able 6 Con't:
Wt. Ion Wt. As Wt. As Wt. Sb Wt. I
Added Added R ecovered Added R ecc
Ion (hg) (ug) . (»g) ( m ) (ug)
B r “ 10,000 50 51 50 54
10,000 50 48 50 4 7
r 10,000 50 52 50 51
10,000 50 49 50 47
P 0 4-3 10,000 50 50 50 50
10, 000 50 53 50 54
n o 3“ 100,000 50 51 50 52
100,000 50 51 50 45
S 04“2 100,000 50 50 50 52
100,000 50 50 50 52
Cr20 7"2 10,000 50 8 50 8
10,000 50 8 50 8
1,000 50 9 50 8
1, 000 50 9 50 8
100 50 9 50 8
100 50 10 50 9
10 50 51 50 37
10 50 49 50 33
1 50 50 50 51
1 50 49 50 50
A s can be seen  in T able 6, the only ions that in terfered  w ere  F ,. 
C r20 7"2, Sn+4, Hg+z, Ni+2, Bi+3, Ge+4, Te+4, and Se+4. The p o sitiv e  
in ter feren ce  caused  by tin  w as thought to be caused  by the generation  
of SnH4 during the reaction , but m ay be due to A s im purity  in the tin  
standards. The cau se of the F p o sitiv e  in terferen ce  w as unknown.
A ll other in ter feren ces  w ere thought to  be cau sed  by p referen tia l
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— +reduction  of those ions to the e lem en t or, for C r20 7 2, to  Cr 3.
The in terferin g  ion w as reduced  before the hydrides of a rsen ic  and 
antim ony w ere  generated . None of th ese  ions in ter fere  at le v e ls  
that are lik e ly  to be found in natural w a ters.
D etection  L im it and Standard C urve: The standard curve is  
given  in F igure 4. T h is w as obtained by using the norm al generation  
and sam pling procedure and only varying the w eight of standard in the 
sam p le . The hydride peak heights w ere  then m easu red  and plotted  
against the w eight of standard.
In norm al operation the attenuation settin g  of e lec tro m e ter  of the 
Beckm an G C-5 w as kept at 100. T h is w as the settin g  u sed  to obtain  
the data for the standard curve. At th is attenuation settin g  the low er  
detection  lim it  for both a rsen ic  and antim ony w as 8 pg in a 15 m l 
sam p le  or 0. 53 ppm. In an attem pt to im prove the detection  lim it  
the attenuation settin g  w as changed to 10 from  100, thus m agnifying  
the peak heights by a factor of 10. At th is new attenuation settin g  the 
d etection  lim it for antim ony w as low ered  to  Z pg in 15 m l or 0. 13 ppm  
Sb, but the detection  lim it  for a rsen ic  w as ra ise d  to 10 ug in 15 m l 
or 0. 67 ppm A s. At an attenuation of 10 the a r s in e -a ir  peak sep aration  
d ecrea sed  con sid erab ly , causing the a rsin e  peak to appear w e ll up on 
the s id e  of the a ir peak. The sep aration  did not actu a lly  d ec re a se , but
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when it w as m agnified  by a factor of 10, it appeared to d ecrea se  
becau se the a r s in e -a ir  peak sep aration  w as n orm ally  in com p lete . 
T h is w as the cau se of the d ecrea se  in sen s it iv ity  for a rsen ic  at an 
attenuation of 10. L ow er attenuation settin gs w ere  not te sted  b ecause  
of the a r s in e -a ir  peak sep aration  problem  and b ecause of b ase lin e  
drift and in crea sed  n o ise  at the low er attenuation se ttin g s.
R ep rod u cib ility : R eproducib ility  w as tested  p r im a r ily  by co m ­
paring the peak heights of 50 pg standard sa m p les  run on d ifferent 
days over a period  of a m onth and determ ining the r e la tiv e  standard  
deviation of the peak heights. In addition, a sm a lle r  amount of data 
w as com pared using a d ifferent w eight of standard a rsen ic  and 
antim ony. The r e su lts  are  shown in Table 7.
T able 7. R ela tive  Standard D eviation
A verage P eak  N um ber R ela tive
Wt. P eak  H eight of Standard
E lem en t (pg) H eight (mm) Range (mm) D eterm inations D eviation
A s 50 18 .9  16-21 40 7.4%
150 48. 9 47. 5-50 4 2. 3%
Sb 50 14 .0  12-16 40 8. 2%
150 38. 9 37-39 . 5 4 3. 2%
The data for the 150 pg sa m p les  w as taken on the sam e day arid 
show s what the re la tiv e  standard deviation  can be for data taken over  
a r e la t iv e ly  short period  of tim e.
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During the cou rse  of th is w ork it w as ob served  that se v e r a l  
fa cto rs had an effect on the rep rod u cib ility  of the a rsin e  and stib ine  
peak heights. The m o st im portant factors w ere the chrom atographic  
colum n tem perature and the tem perature of the sam ple solution.
\ A s d escrib ed  above the chrom atographic colum n tem perature w as  
con tro lled  by allow ing the colum n h eater  to work again st the cooling  
effect of a beaker f illed  with dry ic e  p laced  in the colum n oven. The 
colum n tem perature w as not constant, how ever, varying from  0°C to  
10 °C. T his upper tem perature w as only attained for short p eriod s  
of tim e, about 10 m in , when the colum n h eater would turn on. At 
th ese  t im e s  the a r s in e -a ir  peak sep aration  would d ecrea se  causing  
an a r tif ic ia lly  low peak height for a rsin e  and causing a slight-broadening  
of the stib ine peak. T his tem p eratu re fluctuation w as v is ib le  on the 
chrom atogram  b ecau se of the noticeable sh ift of the a rsin e  peak towards 
the a ir peak, thus allow ing those r e su lts  to be d iscard ed  as inaccurate. 
U nfortunately, the colum n tem p eratu re could not be m ore  c lo s e ly  con ­
tro lled  for th is work.
The tem perature of the sam ple so lution  a lso  had an effect on the 
rep rod u cib ility  of the a rsin e  and stib in e peak h eigh ts, only in th is c a se , 
it w as the actual r e c o v e ry  of a rsen ic  and antim ony from  the sam ple that 
w as affected . A s d escrib ed  in the P roced u re  sec tio n  above, the sam ple  
w as coo led  to room  tem p eratu re a fter the HC1 w as added but before the 
NaBH4 p e lle t w as added. In order to  speed  up the cooling p r o c e ss  on
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the sam p le , it w as norm al p ra ctice  to  p lace the reaction  fla sk  co n ­
taining the sam ple in an ice  bath, for about 1 m in before, and during 
the reaction  of the NaBH4. It w as la ter  ob served  that if  the sam ple  
w as allow ed to cool in the ice  bath for m ore than a m inute, the 
r e co v e ry  of a rsen ic  and antim ony d ecreased . If, for exam ple, the 
sam p le tem perature dropped to 10 °C before the reaction  w as started , 
only a 50% reco v ery  of a rsen ic  and antim ony w as observed . T h is low  
re c o v e r y  w as thought to be cau sed  by the h igher so lu b ility  of a rsin e  and 
stib in e in cold  w ater than in w arm  w ater. T his e ffec t w as not ex ten siv e ly  
in vestiga ted  in th is work.
The ice  cooling  p r o c e ss  w as standardized  in order to allow  th is  
m ore rapid m ethod of cooling  the sam ple to room  tem perature to be 
used . The reaction  flask  containing the sam ple w as p laced  in the ic e  
bath with the m agnetic s t ir r e r  operating for 30^- 5 se c  before the NaBH4 
p e lle t  w as added. The sam p le  w as a lso  kept in the ice  bath during the 
reaction  of the NaBH4. To check  the rep rod u cib ility  of th is cooling  
m ethod, the tem perature of the sam ple in the reaction  flask  w as m o n i­
tored  for five  determ in ation s. The resu lts  are shown in T able 8. The  
colum n headed " T im e When NaBH4 A d d ed 'M ists liow long the solution  
had been coo led  in the ice  bath b efore the NaBH4 p e lle t w as added.
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T able 8. Solution T em perature B efore and During R eaction  When 
C ooled by an Ice  Bath
M axim um  Solution  
T im e When Solution T em perature T em perature






The data in Table 8 show that the solution  tem p eratu re after  
Cooling for 30 se c  w as about the sam e as room  tem perature and w as  
quite reproducib le having a re la tiv e  standard deviation  of 6. 4%. The 
m axim um  tem perature in the so lution  during the rea ctio n  w as attained  
quickly, w ithin 10 s e c , a fter addition of the NaBH4 p e lle t and w as a lm ost  
constant, not varying m ore than 1°C during the reaction .
Throughout th is work the r ec o v e r y  of a rsen ic  and antim ony w as  
determ ined  by m easu rin g  peak height rather than peak area . A c o m ­
p arison  of the r e la tiv e  standard deviations of the two m ethods of 
m easu rem en t show ed that neither m ethod w as m ore  accu rate than the 
other, th erefore  the e a s ie r  m ethod of m easu rin g  peak height w as used.
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N atural W aters
N atural w ater sam p les  containing detectab le concentrations of 
a rsen ic  and antim ony, g rea ter  than 0 .5 3  ppm, w ere not availab le  
for a n a ly sis  at the tim e of th is work. M ost natural w a ters do not 
have concentrations of a rsen ic  and antim ony that are th is  high. But 
in order to se e  if any su b stan ces found in natural w a ters  (a lgae , for 
exam ple) would cau se  any in ter feren ce  in the rec o v e ry  of a rsen ic  
and antim ony, two natural w ater sam p les w ere  obtained. One sam ple  
w as from  C lear C reek. It w as co llec ted  near the M cIntyre S treet  
bridge ea st of G olden, C olorado on M arch 14, 1974. The second  
sam ple w as from  the South P la tte  R iver and w as co llec ted  near the 
13th S treet bridge in D enver, C olorado on M arch 16, 1974. The con ­
cen tration s of d isso lv ed  and suspended so lid s  w ere  determ ined  for each  
sam ple and are given  in Table 9.
T able 9. D isso lv ed  and Suspended Solids of the C lear C reek  and South
P la tte  R iver W ater Sam ples
W ater Sam ple T otal D isso lv ed  Solids (ppm) Suspended S olid s (ppm)
C lear C reek 280 22
South P la tte  
R iver
380 80
The tota l d isso lv ed  so lid s  w ere  estim a ted  from  conductivity  m e a su r e ­
m en ts of f iltered  sa m p les . The suspended so lid s  w ere  determ ined  by
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filter in g  a m easu red  volum e of sam ple through a 0 .4 5  m icron  M illipore  
f ilte r  and w eighing the co llec ted  so lid s .
T e s ts  w ere then m ade to determ ine if a rsen ic  and antim ony could  
be reco v ered  from  th ese  natural w a ters . The r e su lts  are shown in  
Table 10. To obtain th is data 10 m l of the w ater sam p le w ere  m ixed  
with 5 m l of a 10 ppm A s+3 and Sb+3 standard, 1 m l of 10% KI (w /v) 
and 10 m l HC1. The w ater sa m p les  w ere  a lso  run without the sp ike-of  
a rsen ic  and antim ony.
Table 10. R eco v ery  of A rsen ic  and A ntim ony from  the C lear C reek  
and South P la tte  R iver W ater Sam ples
Wt. A s. . Wt. As Wt. Sb Wt., Sb
W ater Added R ecovered Added R ecove
Sam ple (Mg) (Mg) (Mg) (Mg)
C lear 0 < 8 0 < 8
C reek 0 < 8 0 < 8
50 51 50 51
50 47 50 46
South 0 < 8 0 * 8
P la tte 0 < 8 0 < 8
R iver 50 50 50 48
50 51 50 49
The data in Table 10 show that th ere  w as no detectab le a rsen ic  
or antim ony in the sa m p les , and that there w ere  no in ter feren ces  
from  the w ater sa m p les  in the r e c o v e ry  of a rsen ic  and antim ony.
CONCLUSIONS ' Oqj
The ob jectives of th is work as they w ere  o r ig in a lly  defined  
w ere  to determ ine if  a rsen ic , antim ony, and other hydride form ing  
e lem en ts  found in natural w a ters could be quantitatively analyzed by 
g a s-liq u id  chrom atography. A s the m ethod is  p resen tly  developed, 
only a rsen ic  and antim ony can be determ ined, and th ese  only with  
the rather high detection  lim it of 0. 5 ppm. T his detection  lim it is  
con sid erab ly  h igher than the concentrations of a rsen ic  and antim ony  
that are lik e ly  to be found in m o st natural w a ters , thus lim itin g  the 
m ethod's applicability . The m ethod could p o ss ib ly  be used  for 
polluted w aters or for decom posed  rock  sa m p les , but in ter fera n ces  
m ay becom e a problem  and would have to be in vestigated  further.
It s e e m s  lik e ly  that the other hydride form ing e lem en ts could  
be determ ined  by this m ethod if  a m ore suitab le chrom atographic  
colum n could be found. T his could p o ss ib ly  be done by s im p ly  using  
a lon ger colum n packed w ith Dow Corning -200 , but b ecau se of the 
peak broadening effect of longer colum ns, it would be p referab le  to 
find a d ifferent packing m a ter ia l. T h is , how ever, would require an 
ex ten siv e  in vestigation  of the v a st num ber of p o ss ib le  packing m a ter ia ls .
It is  estim a ted  that the p resen t detection  sy ste m , the helium  io n iz a ­
tion  d etector, is  actually detecting 0. 1 jig of a rsen ic  or antim ony at its
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low er lim it. T h is low er lim it could p o ss ib ly  be im proved by using  
a d ifferent detection  sy stem  such as the one used  by Devyatykh, e t  
al. (1964). In th eir  d etector , the hydrides are th erm ally  decom posed  
in a ca p illa ry  furnace and the produced hydrogen is  detected  by m eans  
of a katharom eter with tungsten filam en ts. Another p o ss ib le  m ethod  
of im proving the detection  lim it would be, to  develop a m ore effic ien t  
cold  trap and thus co llec t a ll of the gen erated  hydrides for sam pling.
To be of m axim um  u se , the cold  trap should have the sm a lle s t  p o ss ib le  
volum e so  that its  en tire  contents could be put into the ch rom ato­
graphic colum n. A gas sam pling valve s im ila r  to the one d escr ib ed  
in the E xp erim en ta l sec tio n  using one of the sam ple loops as the co ld  
trap could be used.
T-1645 65
SUMMARY
It has been dem onstrated  that tr iva len t a rsen ic  and antim ony in
w ater sam p les at concentrations g rea ter  than 0. 5 ppm can be con-
\
\
ver'ted to arsin e  and stib in e through sodium  borohydride reduction  
and quantitatively analyzed by g a s-liq u id  chrom atography. P en ta ­
valent a rsen ic  and antim ony m ust f ir s t  be reduced to the tr iva len t  
sta te  w ith p otassium  iodide. Am ong the ions te sted , p o sitiv e  in te r - ’ 
fera n ces  w ere  caused  by 5 m g or m ore of Sn+4 and 10 m g or m ore
of F ”. N egative in ter fera n ces  w ere  caused  by 10 pg or m ore of
- + + +
C r20 7 2, 100 pg or m ore of Bi 3, Hg 2, and Se 4, 1 m g or m ore of
Ni+2, and 10 m g or m ore of Ge 4 and Te+4. A rsen ic  and antim ony
sp ik es  in two natural w ater sam p les  w ere  com p le te ly  reco v ered
su ggestin g  that the norm al organic sub stan ces found in su rfa ce  w aters
do not in ter fere . V arious in strum ental and ch em ica l p aram eters that
affected  the generation  of arsin e  or stib ine w ere d iscu ssed . Among
them  w ere  the m ethod of hydride .generation, oxidation sta te , solution
I
volum e and tem p eratu re, and acid ity . F actors influencing the 
separation  and detection  of arsin e  and stib ine w ere  d iscu ssed . T h ese  
fa cto rs included colum n packing, colum n tem perature, gas sam ple  
volum e, and c a rr ie r  gas flow rate. The p o ss ib le  ap p licab ility  of the 
m ethod w as d iscu ssed  and su ggestion s for further w ork w ere  m ade.
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The reagen ts that w ere  used  in th is work w ere the following:
1. Sodium borohydride, p e lle ts , 10 /32  in, A lfa Inorganics.
2. Sodium borohydride, 25% (w /v ), Ventron Corp.
3. H ydrochloric acid, concentrated , reagent grade, DuPont.
4. Sulfuric acid , 50% (v/v ), reagen t grade, DuPont.
5. T itanium  tr ich lo r id e , 1% (v /v )  in conc. HC1, LaM otte C hem ical.
6. P o ta ssiu m  iodide, 15% (w /v ), 10% (w /v ), A. R. , Baker.
7. Stannous ch lorid e, 10% (w /v) in 17% (v /v ) HC1, tech n ica l grade, 
A llied  C hem ical.
8. H ydroxylam ine hydroch loride, 10% (w /v ), reagent grade, A llied  
C hem ical.
9. F erro u s am m onium  su lfa te , 10% (w /v ), A. R. , M allinkrodt.
10. H ydrazine su lfa te , 10% (w /v ), reagent grade, M erck.
11. P o ta ssiu m  perm angantate, 1% (w /v ), A. R. M allinkrodt
12. M agnesium , ribbon, purified , Baker.
13. Z inc, 20 m esh , A. R. , M allinkrodt.
14. Alum inum , dust, A llied  C hem ical.
15. Selen ium , pow der, D enver F ir e  Clay.
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APPENDIX I Con't:
16. A sca r ite , Arthur H. Thom as Co.
17. D r ier ite , indicating, Hammond.
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APPENDIX II 
Standard Solutions
Ion C oncentration (ppm) A cid  C oncentration Compound U sed
As+ 3 1,000 10% HC1 (v /v ) A s 20 3
As+5 1 ,0 0 0 ‘ 10% HC1 Na2H A s04* 7H20
A s+5 1,000 10% HC1 K3A s0 4
A s+5 1,000 10% HCl (C6H5)4A sC1
A s+3 1,000 10% HCl NaAsO z
Sb+3 1,000 50% HC1 KSbC4H40 7° 1 / 2HzO
Sb+3 1, 000 10% HC1 Sb20 3
Sb+3 1, 000 10% HCl Sb2S3
Sb+5 1,000 10% HCl KSb(OH)6* 1/ZH20
Bi+3 1,000 10% HCl B iC l3
Se+4 1,000 0. 1% HCl Na2S e 0 3’ 5HzO
T e+4 1, 000 10% HCl T e 0 2
Al+3 1,000 10% HCl A1C13- 6H20
Ba+2 1,000 10% HCl B aC l2- 2 H20
Cd1"2 1,000 10% HCl CdCl2* 2 1 / 2HzO
Ca+2 1, 000 10% HCl CaCl2° 2H20
Cr+3 1, 000 10% HCl C rC l3* 6H20
Co+2 1, 000 10% HCl C oC128 6H20
Cu+2 1, 000 10% HCl CuC12* 2HzO
Fe+3 1, 000 10% HCl F eC l3* 6H20
Pb+2 saturated 10% HCl P bC l2
APPENDIX II Con't:
Ion C oncentration (ppm) A cid C oncentration Compound U sed







M gCl2* 6h 20  
MnCl2* 4H20
Hg+2 1,000 10% HCl HgCl2
(M■t,& 1, 000 10% HCl N iC l2* 6H20
K+ 1,000 10% HCl KC1
Ag+ saturated 10% HCl AgCl
Na+ 1, 000 10% HCl NaCl
Sr+2 1,000 10% HCl SrC l2* 6H20
Sn+4 1,000 10% HCl SnC V  5HzO
Sn+4 1,000 10% HCl Sn d isso lv ed  in HCl
Zn+z 1, 000 10% HCl ZnCl2
n h 4+ 1,000 10% HCl NH4C1
c 2h 3o 2“ 1, 000 10% HCl NaC2H30 2# 3HzO
B r “ 1,000 10% HCl NaBr
I" 1,000 10% HCl Nal
f " 1,000 10% HCl N aF
n o 3~ 10,000 10% HCl N aN 03
p o 4“3 1,000 10% HCl NaH2P 0 4* HzO
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Ion C oncentration (ppm)
1 , 000  
10 , 000  
1 , 000  
1 , 000
SOs“2 
S 0 4“2 
C r20 7~2 
G e+4




0. 1 % HCl
Compound U sed  
Na2S 0 3 
N a2S 0 4 
K2C r20 7 
Ge m eta l
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APPENDIX III 
Settings and O perating C onditions for the Beckm an G C-5
Column: 1Z ft, 1 /8  in. OD s ta in le s s - s t e e l  tubing packed w ith 20% 
Dow Corning -200 on C hrom osorb W (HP) and 8 ft, 2 m m  ID 
g la ss  tubing packed w ith 12% Carbowax -600 on C hrom osorb W 
(AW).
Colum n tem perature: 5°C m aintained by dry ic e  in the colum n oven  
cou n ter-acted  by the colum n h eater. The colum n blow er w as  
disconnected .
Column T em perature C ontrol se ttin g s: C oarse - 0°C: F ine - 0°C .
C a rr ier  gas flow rate: 20 cc H e/m in .
D etector: H elium  ion ization  type, with 80 cc H e /m in  for d isch arge  
helium .
D etector and detector line tem perature: 60°C.
V oltage C ontrol (d etector heater): 14.
D etector  Line H eater C ontrol setting: 10.
Sam ple in let tem perature: Room  tem perature.
Sam ple Inlet H eater Control setting: 0.
E lectron  Capture (helium  ion ization  detector) pow er supply settin gs:  
P o la r iz in g  voltage - 1000; B ias voltage - 0; Source current - 7 
ma; P ow er sw itch  - run.
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E lec tro m ete r  settin gs: Attenuation - 100; Output zero  - adjusted  
as required; Output MV - negative; Output damping - A; 
S uppression  - adjusted as required .
R ecord er se le c to r :  Det. 1.
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XS° ^ ° sc ^ i > b 
Data for F ig u res  4 ,.  5, 6, and 7, and T able 7
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2 - - 2 - -
4 - - 4 - -
6 6 —
8 1 8 1
10 1 10 1
12 2 12 1. 5
14 2. 5 14 2
16 3. 5 16 2. 5
18 3 18 3
20 4 20
20 5 20 3
30 7 30 4. 5
40 10. 5 40 6
50 15. 5 50 11 .5
50 13. 5 50 10
60 16 60 9
80 26 80 16
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APPENDIX IV Con't:
Data for F igure 4 - Standard Curve
Wt. A s A rsin e  Wt. Sb.
Added P eak  Added
(tfg) H eight (mm) (»g)
80 24, 5 80
80 21 80
100 33. 5 100
100 31 100
100 23 100
100  - -  100
120 33 120
120 32. 5 120
140 42 140
140 39 140
140 3 4 .5  140
160 43 160
160 3 8 .5  160
160 35. 5 160
180 4 5 .5  180
























A P P  APPENDIX IV Con't:
Data for F igu re 5 - P eak  H eight vs Volume of G as G enerated
Vol. of G as A verage A verage
G enerated  and A rsin e  A rsin e  Stibine Stibine
D iscard ed  B efore P eak  Peak P eak  Peak
Sam pling (ml) H eight (mm) H eight (mm) H eight (mm) H eight (mm)
1 5 .5 , 12,
1 5 .5 , 1 4 .5 , 
18, 1 4 .5 , 
16, 18, 17 15. 7
10, 7. 5, 10, 
9, 12, 8 .5 ,  
9 .5 ,  12,
11. 5 10
50 11, 13, 10, 
1 0 .5 , 5,
11. 5, 12. 5, 
10 , 12 11. 3
8, 9. 5, 8. 5, 
8, 8. 5, 9. 5, 
8, 9 .5
8. 7
100 9, 9, 8, 
9 , 8 , 8 8. 5
7. 5, 8, 7, 
7 .5 , 7, 7 7. 3
200 5, 5, 4,
3, 3, 3 3. 8
6, 6, 4. 5, 
5, 4 , 5 5. 1
250 2, 2, 2. 5, 
2, 2, 1. 5
4, 4 , 3. 5, 
3, 3, 3 3. 4
300 1. 5, 1. 5, 2 
1. 5, 1, 1, 
1 .5 , 1 .4
2 .5 ,  3, 3,
2 .5 ,  2,
1. 5, 2 2 .4
500 0 , 0 , 0, 
0 0




Data for F igure 6 -  P eak  H eight vs HCl C oncentration
HCl C oncentration (N) A rsin e  Peak  H eight (mm) Stibine P eak  H eight (mm)
0 .4 8  6 7 .5
6. 5 8
0 .9 6  5 6
5 6. 5
1 .44  4 .5  6
4 6
1 .9 2  5 6 .5
5 .5  6 .5
2 .4 0  7 9
7 .5  9 .5
2 . 8 8  10 11
10 .5  11 .5
3 .3 6  14
3 .8 4  15 14 .5
15 13
4 .3 2  17 15 .5
16 14 .5
4 .8 0  18 16
17 .5  15
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Data for F igure 6 - P eak  H eight vs HCl C oncentration
HCl C oncentration (N) A rsin e  P eak  Height (mm) Stibine P eak  H eight (mm)
5. 28 20 16 .5
19 16
5 .7 6  19 14 .5
18 .5
6 .2 4  18 .5  14 .5
18 12 .5
6 .7 2  15 .5  10 .5
14 .5  8 .5
7. 20 12 7 .5
7 .6 8  8. 5 5. 5
4. 5
8. 64 9 4. 5
3. 5
9 .1 2  - -  3 .5




Data for F igu re 7 -  Peak  H eight vs Solution Volum e
T otal A rsin e  Stibine
Solution Sam ple P eak  P eak
V olum e (ml) Volum e (m l) H eight (mm) H eight (mm)
12. 5 7 .5  48 3 1 .5
42 28. 5
25 15 40 26
39 2 4 .5
32 19
3 1 .5  18
50 30 16. 5 12
13 9
75 45 12. 5 8
8 5. 5
100 60 10. 5 7 .5
6 4. 5
150 90 3 2 .5
2 2
200 120 6 4
4 .5  3 .5




Data for F igure 7 -  P eak  H eight v s  Solution Volum e
T otal 
Solution  
V olum e (ml)
400













Data for Table 7 -  R elative Standard D eviation
Date of 
D eterm ination









2 /2 /7 4 150 50, 47. 5, 49. 5, 39. 5, 37, 39. 5,
48. 5 39. 5
2 /2 /7 4 50 18, 19, 17, 14, 1 4 .5 , 13, 14
17
2 /1 1 /7 4 50 20, 17. 5, 20, 1 2 ,5 , 13, 1 2 .5 ,
19. 5 13. 5
2 /1 2 /7 4 50 17, 17, 17. 5, 12, 5, 12. 5, 13,
19, 20, 18, 16, 13. 5, 15. 5, 13,
16, 17. 5, 19 12, 12, 12. 5, 15. 5
2 /1 3 /7 4 50 21, 20. 5, 20. 5, 16, 14, 15, 1 4 .5 ,
19, 19 .5 13, 13 .5
2 /1 4 /7 4 50 19. 5, 19. 5 14, 13
2 /1 8 /7 4 50 19. 5, 19. 5, 14, 15, 1 5 .5 ,
20, 2 0 .5 15 .5
2 /1 9 /7 4 50 20, 19, 1.9. 5, 16, 14, 5, 15,
18. 5 14. 5
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APPENDIX IV Con't:
Data for Table 7 -  R elative Standard D eviation
Date of 
D eterm ination
2 /2 0 /7 4
2 / 2 2 / 7 4
2 / 2 5 / 7 4









17.5 ,  17.5  





14.5 ,  14.5  
15, 14
15.5 ,  14
